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o"iljl«-« i*L*o Ju< Lie » jjjjj (_j-^> p*^ll (J~t 
. Sail tHU J}U- lju.U- j^j jJ i*«J»Liil.) iJLj^l ul* ' ckj-^l* 

4 S^yj c5 >^l (>->S^JI j 0>JI li» o* oLJ^ULJI j cia*. r^lll fjOiIU 

^ (Si\ <. UUI o>l oli*l j iXall ilU-l pUjji j SlJSj 

<_JIU\ 6l *J di'Jl bfj . SjIII ,>b i^Lillj iy'l^l o^LJU J^il 

ul Jju iJL^^SllI i>-t> iJj^l ijwU-l j-5 y* i»Jilll ilb- Jll j 

<LiL>- 4,„g'i cJjJI j rC; ul >**JJ * ^J-^ ylyaU (^c>i p$AJ 

JjLdt Ji- <d*jj j Jj^ i_Jlk)l fy*euj ■ oL^sL^I j 

obS" J>rj (Jl >^-iJ Aj-U-I U>l • ijJuiilll *ljji*JI j ^4^' A-^ibjJI 

. iJllsJI <y i*J-«jfl oiA 

iJU^^Jl £_j*i>y j J}U- ^ cjIiSUI li* o oiLjJ oil 

-\\ UUJ i_J»Uil, 

J_c lyW j_i i-Jikll uLS'j . Case Institute of Technology 

4 j a^II 5— 5_>4-l LJUiUdl o^jUII j oU^Lw ^y^s- <JI iiU»l 

i...,,..J>Lvllj iJLj^Jl <J«- JJj . AjJjjJ-I pill JSL- <Jx L> dUiSj 

pjbUil oJla j ol j>kdl jujll £. Jl^l JdJI ^^Lj iju-^ 
ul J-ii'il ^ u 1 . cjIi£JI li* j 4i*ij ul LJjU- L Ii*j i i^L^I 

iiLlil J^-JI i;l^ oi -ui i p*UII si* j i^Jii* Jx. ii..... « i_JLLII (3^4 
JJUJI ^1 uJLkS'Jl iij>u i^jjlil piJI JSL-j ol^l JJi^ 

^l>iJI i>. i^J»Liilj i^U^JI *L; j j^il o^L-^l ul j*^> l^J 
pkJI ^ ik-^l JJ^JlI j o^'ill Jlj,^ i-.L'Jll i^^l 

jjiji yiyJi ul u- j^jJi ■ vy^ 1 IJjb ' o^^- 1 

^^.J^ Ui" oii t *X1a^\ (.Ijl^JL-Ij SjUI pi*^ Jx AUjiiU y> ^»>il oL-L'il 
(^jJLiJI ^, ^ U ~ 11 ^ S_jj«iJI J^aJ i)U»-> ojLLjII ill* "ill jo* JU-jU 

ul ^ aUL.^1 j u^iJI ul u^ Vj^l d> ^ ■ JSUIj ^>*U 



JjUi! k^^ail Aj^JI <J>»- C-^ Ji iUwi-. ijj-ai (J>*»» d!L* 
i^kJI jn'^ (iJJI otSGl j ^>y»_jil l-i* J**-. ^L~*lj • < L. . > «J>U*11 

(JSwJ_) ii-w*> J^aiL C*J» ^X- ji ^*Uil ^ JjJjJI <jl Li) jJUj 



^»>JJ iLtf i^U! i4-l« _ Yjl : ^ li» LjUSCJ oljUl ul 

£>*»>l jjij jjjk; _ 4 J5HI si* jj-j Sjjjjj-i ^i jiL^. j\ <_»iU 

l^i ijji p*^-* fl-^^L-l — UjIj < UaH <i_p-l Vm-^ <-**^ 

CpjycM tw **"^JI - L*U < SjIII "J»-Ij o'ilUJJ Jul*! I 
^UjjiJ i^jii. _ LjL i 5jUI Jj^Ij 4, „,.,.]» Liil j iJLj^SCll o"ilUJJ i^Jlj 
. 5jU ILj ^ i^ju (JjLi ^Ll uLiS" _ CuL t L. j!sLJi 

•s>~Jlj . i»j>tJI i.%u ij^*-rf> jt^'ill JiLil ji^fc a* u-j^' »>A*L«ij 
ul oi\l\ yjA u^£j v^-J' ajjjj^> ji* <_5* i*»^-ll ^*!^ju ojJl.>il 

. ^p-^l jl V^-"' I (jl ^Ijl L)l L^j JLa& 



j^j 6^- 1959 61^ 



iUoill aaJJI ju^x 



j |<A y^Ui-l uU» • <J.jSll y"^ 1 (J^ 1 ^^i 1 AJb-^ 1 J 

^l^kJI J_c L,;ljj_iLo J-L>w Lf i-*>L>_j t i-^Li-l 3L;^-jJI i-j^kJI 

j L^Ii-U-^J JLLc Cj^Is A. > J-> U*^ j j+Q I Aj_ r kJi j <U^<u oly^s (J I <L J I 

^IjJill ljU»l l^Sj-lj JU- : 1 1 CjjSj Ji]j ■ C) IJ* *Ua^ 

JujSsII Jl^SU LlI o« Jill IJ*j . iS>dil oL*iH o^U oU- (j^J 

o o jyAJ (JiJ-l I Jul (j rtrtdv^ lll t_JUaJI (jij*J liAj < *Ujji)! j 

inJaJI oi* j ^vic^LJI J^aiJI (j-LI (JSLU 4,>....,.JI Aj^.'H . *J lj|<J> Juu 

O^UJJ OjUuUJI jI^I i_,U^J ^ Sly-i Jj^ll i^-JJI -■ 

ik^JI jJaUl, Jjl^JI JJL. jl^. ul of IJdj . L r J.\ju> Jj £S\ 

0* ^l*^.iU 1L,„. « J..,. * J ^IjjJaj ^" ^Ic^jLJI J.rtill 

iLoj J_P»j ^Cc iS"^! i-jjs- oL*»JJ ^Ui"ill o'ilU o' i>y ^ 



^ js J**JIjj • oUU>Jj olji^iJ l^-jiil ^.JJ! _jl oli£Jl |*4>1£aJ (j* 



1966 jljl 
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VECTOR ANALYSIS 



i^ja <S^^* a....,m,JtLu1Ij i»jLj4^JI <J^L»- 

(^Jl iJLj^iJI jl&^l £yj>3^\ li» j ol+aJll JJL^- f l,>-j«,r-,.l o\* 

Jl o^UI Ll-AS 

li* £^LJ (n-.jJ u'-'jJ' ol • <-^.l»U*ll j iJLj^SOl aJ-Lm yi^il JiJ-l 

Defiftitions 1-1 

i—.L'jII ^Uil ^ JJlc <^c *(£jUJI t_»^»Jj iJj'ill *L)jiill i-ljJ J^U- 

A4^i. "il ci^p-lj <t^~» oL^S" : ci I U^/laJ I oL^JI ^~JL> u^-^iLj 

. UjIjJU Or jfti ,jJl L^Ji dd; ^ H^uiUi ;l*£JI 



. ^ W S«»i.>UI oL-SGl iLL.'^!j 

. >U»iJI Jalii ^Jf jljiil LIS" Jjut (5JJI 

JUI 

. f U»iJI J»laJ £~J- oU^lj jloiilj LIS" JJLst (^JJI £*>>U 

j>jl» oLj^^Jlj ol^il o\ -to . tensors sjclJLI oL*£ll JjL. soi*il 

. {jo j-«JIj 



Vector algebra ol^jil jy* 1-2 

^ (i <>>^.»JI 1.1* <J~i>«lJ_) . ol^sJll ^ysi (J ^ L. ^jjlarl jji-l I j* 

ittdl jUu^U . aUiSlI oli iJ,l&jJI oLJIj^I f lki f lj^J 

x 3 x 2 j x x oL«S3l li >jj iz j y j x oljydilj ^Ui-Jl \jl 
«Ul e^l aJL^ ^ f lkJI la* e— *j . c!UJJ ^ju Lju* 

V y V x -CLi^ ^ JUll J* V . z j y x oUla^l 

ul ij « V z j 

7 s = |V|cosa!, 
Vy = |V| COS a 2 , 
V t = |V| COS a 3 , 

. (4-. *iy ui jt ci^ *J£i jJJI <Jji-\ ul 5jU o^JJ >^ 



oL5ljtf»^LJ oju oLS^i! ^ JS' oU ' *4^il o^UI SJU j j . i_-J>Jl 

ij&x^L\ £>»si C 4j*iU li^i • Cf^* ^ ^r^uU SjiLU oLi^ll 

<S\ c B j A 



C = A + B (1-1) 
C* = A* + B*, C„ = A„ + By, C» = -A, + B,. (1-2) 

<L>Oil y> 4JUI A3*lll . <C*XjJ iJUl i*Jti\ iMjb £^J» (Jj-JJ 

lili . iJL SjbU J*>Sh ajhZJ} i ol/^JJ JjjL* 6\J j* li-iH 
(-A), = -A„ (-A), = — A„, (-A). = -A,. (1-3) 

A - B = A + (-B). (1-4) 
oi* * associative jilyOI i^U ciLLx iuLJLi.1 ^ ul Ifj 

C)l lift j . dUiS" ^iljUl <L*aU- Sili (l^a-^j) Oljatdl 

A + (B + C) = (A + B) + C = (A + C) + B = A + B + C. (1-5) 
ji-*iJI j JU-I \£ ^J-l iJu* X£ (j-ly^U ^ t? 



w 



C oili - liU . J^oSl AaOjJ S^JiUAl A-i^ilj A^stl""^ A*^50l O J^oU- 
A^siJ-* A^»5v) LjL^ CA O^all ^oti ^t^a^ c A^ -» T» A^*5^ A J A^jeJU "i 4^*5* 

ul B ^ 

B z = c^i, = cAy, B t = cA z . (1-6) 

<j>£*-» B oli < as^ju JU c j JU y» A o^" lil Ail ^>l>!l 

JjjJ-l Axil I Jlil IJla uj£» ul (ijjj^l (>• ^-J 4jlj t LaJ 

lift jL*^ olj>L-l liJU^i t A=*Zf AaJL. Oj*o Ojlkil lil i" I 

O^-i (jto^jll <- r '_/-« £«jI> (jl AlLi»- ^ JpL* * ,* lijb o I Jeyl, 1 ( iSJJuJI 

A (j^syjX\ O A^L. }UI ^LJt i-^Jj • ^-IjJI ^liJIj ^^JaiJI ^LZ-JI y»J 

aJ^I ibUll jLj , A.B : IJ5C* B 3 
A ■ B = ^ + AyB y + A Z B 2 . (1 _ 7 ) 

S J> ^I i.jl_>JI f U <_-~»rj y-Sll c^J^SlI t^vil t>* l& J ljjL * Vj^> 

1 I+X-* tiUJii" AfrSt~* CS^r 5 ""^ Ajr*!-* Aj^S" O j^»J AatiU ^lilllj 

fit- » L ,~ ol^-stlil t r'_/^' (y ^>*JI l-j^J • Aijiil. oJLft (j^ 5iU"„^» A*^jJI_j 
Ai^il ^UJI C-^Cjj . (^rjlil ^_UJIj (^JaUJI ^_UJI g,» Ai^jt. (i>-l 

oli C o jwall £JU olS' lilj c A xB : I JSC* 

C = A x B, 

C' x = - C y = - 4»fi„ Cz = A X B V - (1-8) 

\A 



J5" o__ r i> J-^U- y> Otlil ^luJl : ti^l cjyyJJI IJaj^ 

. * (J uJ\ JuJI lJjI SJ*li <_~^ oLj^l 
^^-SCc liU i <>$aelil t_*J y JUZhj ^iJ»UJI o' Ja»"^j <jl p^ll (j*J 

Jxj o\ ty&cfss .o^l jJU r UI ^"LiSjbl JU-jI ^^^"^1 lift 

Z j y j X olftL^l (SOs-lj SJo-j ojljtl* <5*^. (jl) 4=*^ «J*-_j Jlf 

J^l LojJ u- ; j>3I' 



A X B = 



i j k 

il^ Ay A z 

B x By B z 



(1-9) 



hx^JjJ\ CjIjJjwJL! ijt^II -Acl_jill <_w J-XsU lift oLj- J-Lcj 

. yoJjUiJI ^l-^-!l (j* UjL. j^S"Ji,l oij^^Aiil £• 

jtwi ^,5sj: 4jl 4jLlJ-lj . oL^PtZil ^wSJ <LilSL«l ^jX- p ^il JfLjLj oi Ujbj 
ilU-l (j Jaii USCf y>-l ^c. ^Jl> ij\ Jlo . 4jhZ«!^JI <-jjJu-f 

"il^U- i_-lSCj ul (jS-* (5y*"^l i>*-> • Cftj^ir* uU=**il W^* u_j£L> (jjJI 

: ibLil 



c = A • X, 



(1-10) 



ibUil oiA f UI JJ-lj . X 



d-ii) 



.A x B 



(jl (ff^y l>i*J 'A 4^clil J..C (3Jj^c li W 1 *-*-* <_)■*£ B tjl il 

(jj I j 4 A C <u~Ju I a?- 4j LLaiL (jl .A. B = O 

<> J*r#% . (1-10) ibUll Jiat (iJJI X a^LjJ i.UI aLjU Uj^j ji Lot 

A ... i ■ jl^kll Jxj .B 4-*lil jilj Ai-iJ-l 90*j 4 il J Lull SSli-ijA^t 



C = A X X, 



(1-12) 



C j A ul ij 
: uSl i«UI j Jl*!. aJjUI .Jul 



(1-13) 



a* Uut iJU-l oJj6j . ioJ" a>UI^ ^ k ol ^ 

<Ui JJ^^UI JJ-I OX JOU k A*Z.^JI J I Jill J • A Jx C 4*JlI 2—3 

ciXJi jl-* 4 (1-12) j (1-1.0) ^jULI &± Ol X J* u tf lilj . SJLJI 



_ _ C X A cA 
* _ A • A A • A ' 



(1-14) 



4 ftft^L ij^ji-^r LzJLs— dlL^s Sli £«j 4 a-^-Jj e-jli' Ij-Jlc UUsj>- jjJI 



31)1 ^LuJI ^ji 



.,*■■> 



aUfet K,% «cl o»i- < D = A.B x C ibUl JJUdl 



3 Oil 



D = AB X C = 



A, 



By B t 

Cx Cat 



-B • A X C. 



(1-15) 



(JjJ— iJL "^J 4 jJaUlJIj 4 l^n.i.ll ^^0}* JyJlj Ji«^J "i! O jvaJI IJift ^oli tjl 

^^LUI 4-^11 -;LJI j4i >"5ll ^MtJI ^LJI U . 4^.^ 4^ cn; g^LliiJI 
j-LuJI (-i^ f laii.l jl^jj D = A x (B x C) iJjUL, JJUdl 

: ol (1-8) iJjLiL, oU- ^UiJI 



D = A X (B X C) = B(A • C) — C(A • B), (1-16) 
<juSj, Lf_j . "back cab rule" ^1 sjlcUJI ei* J* 



Gradient ( JJJ Jjl) jU^I 1-3 
(i! c J-.ISUI j J-^UJI o^ixl j SjjSjdl jlCi'Jll 

<ilr.*.ll a j£» *t£s\i (Jjfc-JtJ (jl • ^j"-"- 1 JL* Aar,* » _j 

juu J J*, j l^L A-Jiti-'jII 4,ii.:.,t.,lU JUaij . Cj\jj£* aJS- oli illjj 4^*1^*311 

>»^t> sjU (j> i^scjt'i i-jkl^'il iiiiJJ j^jjj . (juLA ol^L illJI 

I Jit ds | ujSs ol v£j • d4>/ds 

j dy j dx oLi" ^ ds LJL>- liU . ds a^I ^IjuL. ds olj t j^^ill 

: jSl LjJ dz 



^ = lim + Ax, 3/ + Ay, 2 + As) - gfa y, z) 
rfs a»-»o As 

3a; ds dy ds dz ds' 

jjtJmJI JJ^Jb ul . uiOoJ (ii <Uw "i! 2Jb Jii (j) (x, y) yU 

yiLjJtj . <6 (x, y) = x 2 + y 2 4JI JJ (1-1) JSU! j ^ |/ yj x 
Uj^-I lili . .U^l -u-jJ (x , y ) ikull ju* 'a-aU^I ol 

: Jj> UJLai. < dy/ dx = - x / y ^ ^ tjill B \J.*i\ 



dip 
ds 



_d*pdx .dipdy \ x ~\ dx . . 

: , vo - Tx Ts + Ty Ts = [ 2Xo - 2 *"> y-J 7s = °' ^~ 17 ^ 




Lij^^J dy/ dx = y / x U^l lil LI 



dip 
ds 



= (2*0 + 222) L 



Xq 



+ 



= 2Vxg + »». (1-I7b) 



: ^ la,.,, « dy/ dx = a jb*- eJU Jl^l5"_, 



dip 



= (2x + 2ay )(l + « ) 



2-.-1/2 



(l-17o) 



4 ^l^aLI <bjL~« 4,5: *J,1 cJi*irj ' a -I i«-<JU ^*+^-II »j* iLisli* ^ U lilj 

oU^I 015" lili . ^LJI oL^L 0^ 0= x 2 + y 2 iJljdJ Ja« 
LcUt oUt"ill 0^ lilj 1 5 ^L_>Jl Jjju. Sjji ^ SjjjJI jrjl^-l >^ L*Li, 
jj . 3jIj_)JI JjjJ. LlaJI iU-ill jl oLaiJI Jj*^ Sjji <5jLJ L:li J^-UI 
x 2 + y 2 Jju- oU dy/ dx =-x / y Wl ol^l 



0*3 . x 2 + y 2 = x 2 + y 2 iJ\Ai Lbr 6^ llfcj. cSjU. 

(iiJI ol^lj . li« J* jyui'i = x 2 + y 2 ilUI ol jwiljM 

d4>/ ds ^ 

X 2 + y 2 iJlaU ^Mjj SJL^. ojfZl jpl J^^kil ooaj . jLl^l ikiJt 
AjjLdll i>>y-l jl ii^ltil contour lines iiil? 
iJUl (1-2) J£UI_, . til >*>J1 Jtfl >l (> ^ cilt gliSjil 

.contour map U.jUi' ><j> = x 2 + y 2 




(ijLJ ^jk- "i^ti l^J = <£(x, y, z)" ill jJU 5JULJL1 ^kJI ^caJ 
o^L-^l io (1-2) JSLiJI >L, (iJJIj jLuL f> ^l JSCill 6j • J144-1 

: ol \£ I^LaH illj jlj^-j <-i ^ <jl ^-aj 
ju* i^jbl^l iLLiil Sjji oL^J (j-i^i o>£j **^Jj jUlft'il <zJ- ikiJI ju£ 



XT 



4> aJIjJL) (ijLJ ^k- J* Lj>»* d£i jIj^-^I «Lf I u' £»^>N o-j 
a* jj^l . c_Jl*^I J* jo-'^l > J\ J-i-i- (iUi j-j c grad 

dip i j , 

Ts = |grad ^ cos 6 > (1-18) 

^ Ioaj . jlj^l oLflj ds bUJ Sj^^l 4jjI>1I 18 ot lil 

i^l^l i^ljSl lijyp lilj . (1-3) JS^JI XX JU.I J c ^ 

: J'^l JS^JU (1-18) ibLil Jul* ds *»zlL ds Ujlai, 




(1-19) 



it (jjLj P iki jl* Igrad * I .0 (x, y, z) ill JJ lijL; (^^iu. ol> 1-3 J£iJI 
A 0/ ps L> (jjL; <#/ ds j t> u)l ^ PQ Uxl* Ad>/ PQ 



t jIj^^l) explicit form *J-jA\ "CA\ M\ IjSH 4J0U.il oJaj 

: ol (-» j«j SJuUdil oLjIj*-^! 

ds = idx + jdy + kdz. 



v : (1-19) ibUlj ibUI oi* 

g d* + g dy + g & « (grad *>)* d* + (grad „)„ dy + (grad d*. 

iJjU.il j> J yuJll oljydll oli U^IlJI oLJOl o^L.L* (ijLJ 
^iaJl ^jflt o Li l j*. "51 1 . Lju; mi j ^ 

0-21) 

ds = a, dr + fcr d0 + a*r sin 6 d4>, (1-22) 

ulj < (1-4) JCaji j ^ £ ^ if) j r oUIj^I a,^- 6 i ij 
t> * j. « j r oUl^L ol^ Jif a , j a, j a r oU3l 

oljsull oli o^LUil ^ ^ . (1-19) ibUl f lu^L, . ^jUl 

grad* = a r ^ + a# i^ + a 4 -i— ^ n ™ 

flr rdff r sin 9 30 (1_23 ) 




Vector integration ol^^dl J- 151; 1-4 

j^JI iJuilLJI oL»50l ' i^*J-lj 2Ls»kJI_) iJail : o^LISjJI 

0»j ill j u>£> -u ojLkll illjjlj . iJul^jJI i^-^JI j ^^^Jaj 

JSLl> ^»jJI u\» t£ij j i *i illj <jj^-> 
j Lu^-l* ol • Lu^^ oi o^LlSJi cJl cS^jj iJLiUiII oL*$Ul_j 

J*lSjJlj <JtZjJ ^sJaJI J*l£lllj 4jijJlJ yiail y> (jiJ^xai-l li* 

: li£* F J,l£ iU* ^C^l F otf lilj 

( F-efl, (1-24) 
J <*c 

3 a (» jJIj t yl»il J-«l£JI <Jie. (iJJI (vyjwdl <J I >L C >JI ol 
l J a l^\ j-LJI 6^ U, . y^uU SJl*Jlj iJU^I y^WJI J' oUAi b 
OjSL." c?^' J-lsCJI (jl ijJ^-c ^w»l>ll ^ i ijsjfci. "il i^ y F.dl 
Riemann o^lj <-<jj»j JU-I j lj^-I <-ij>'" u] . "il 

jjlc J I |<w»Sj C (>s*-J.I o* b j a g>.:t»5;ll j>^-l . jj^I J*15jJJ 



s.-Jr\ j ikii jL^-l fij .A 1, Sjji-JI increments oIjLjJI ^ j^J" 
(->j03 ti^.^ ijL-'tfl. Cy VjH; 'W <Gl Jx CJ kU 

f N 

/ F • dl = lim V F, • Al,-. 
J-lfcdJ, . J,1£JI aJLc j^, (iJJI c y^cll <> dliT J, b 

)*3 ^1 t 4j (j^U- J,.. j J o h Tm . j A^ilS" ^UaaI J^iw (ji^iXjt Jy 



(1-25) 



^Fdl. (1-26) 



. L 4juJ_j jjos- t yj> jiiil jLil jSCi, Mu^. J^l^jJI L^j o^-> 
jL.il o' <u£J-l (j^j (jij^ jl (j-LzJI <_$l cjj-l?- t—Jjiij ol lojl lijj 

Ol >A JLJaSU O^LliCjl uU (iJI ^L^l OjL^I ol • Jiill 

la* J..K. ; ...o jf ^ 1 ^yjtuU as- 1 j parameter pju^ <3i oUoj Jx J^- 

OjJL'ill I OA o>5^i 4la,.,.,.,;,JI Ijl* O^U-I jj . Jlj-Ij JUj J*ISCj JSC] 

O^Ul^JI (ijjjw^l jy 0>5CU Ijjlj Jail ^yj. <U5Clj . Sbfj SJLj>1» 



XV 



. 4jL$-J1 jJaii (j^j J-mSu jLJll i^£- J^ju *i (J*»l£jJl 0' L.^* 

F ajizJJ ^hn.ll J^lSCiJI SjUS" (jSCrf'i t (i^-l 1 F (jlS" lilj 

: j'W 

/ s F • n *». (1-27) 
Jli da j 1 J-4ISCJI iJux. <Ulc jfSfcjj (iJJI ^kJI J I S ti^J-l > ij 

6^5" lili • da jj^. <3Jj^c OeJL. eJ&~j B j 1 S jJa-Jl jjx- bjJl+o i»-L*s 

lil LI . ^kJI J.* hiy+s. n ol* Lsi«-» S ^Ja«it. 

■ li^j . Jjoi-I Jp-. ii-jj CJ iX!l S-^->l' e^^U A..-,;IL Jaii |^ ,>j**JI 

<_^-»JI -U.JI lJjJ |.jUj jyu t$jJ! a\J-"i\ (dUi y» jj^JJ (_-3>->ll oU'ill (jjSw 

: S ji« ^k- J* F a^iJJ (^JaJI J.15CJI JJLxj . (1-5) 

f F • n da. 




• jiJU iJ^tl jjaJ-L J^, jy-tll jkJI J* n J>M JI S5U 1-5 J£UI 



J--lSCzJI ojSL"i r U% Sjj-^ o^U ^j.^ d^.S jkJI 

TA 



Ijy^i <Ui Jit*^' U^^-j (j^ia-JI J^lSjJI <_aj^»J L I . ^kji J_c I„1..;Va 

L,y iJjjaiJJ iJL^iiJI UL^JI dJjLL-j . (jLi-l i^L^lJ" iiilr 

J = fj.<pdv, K = I F rft). (1-28) 

ol (J* ij K _j la* jUjI ii^lL oLflj <J— ISCJ J I itjw 

cOLlSCzJI oiaj .F oli> ^ iJ> J5CJ la^lj dJL* ol 

. >_...S..7 „ II ^ (J I ^Li^-'ij ^rj-^ is^JL 

Divergence.. . : jieLdl 1-5 

ULI joiJ gpl i-^il J-l_jJI (>. divergence operator jlcLJI J^U j*j 
°>jj) F 4 - s ^' "-Vyj ■ derivation iiULLi}U CS ^L^JI 

: jStf ( divF 

Ojiij L-iLt i* 5 !^"' »-^>! 4jH£j 4jU ) Otlll JLcLj oj 



div F = lim 4? f F • n 

Ajl : U> i*Jx> Shs c%-\ j ^M iJ j^\ 3 . J^l&JI ^kJ SjUI aLi; 

. oLJIj^I ajijl ^ f lki (il j^LJI J^U ^4^! 

5j*U A xAyAZ ojlji. j^xLt 5jl»L«j1I oUIjl?-^! i_^>- 

^_jJa-» (33^^ O^jl <S^\ ul (ji jj-J • AcL-JJ iatjjlj Aa_s^ jU:^ 

: J.* i }*aJ- jSx^ i (x j y G J Z Q ) aJuJI JLLc jvajJI 



dF 

F z (x Q + Ax, y, z) = F x (x , y, z) + Ax-^ 



Fy(x, Vo + z) = F v (x, 2/0, z) + Ay 



dF\ 
dy 

dF 

F,{x, V, «o + A2) = F,(x, y, z ) + Az ~ 



xo.y.i 

(1-29) 



Uj .Az j Ay j A x J J-cl l-Jj J_c (iy^ jdl jjji-l oiJb- -Jf ii^>- 
6>Xj AzAx aj-LII ^x oli 1 x jyt- J* Lj^A yAz is- Li I 0^ 
4 z J^. Lo_j*x. ^a>4 xAy o-Lil jv^lc u'j ' y jy 1 

divF= fcsisl/^''' | )*' b 

+ Ax Ay ^ + 2/o, 3) <fe 

+ AxAyAz-^+J F.(x, y, z ) dx dy 
dF f 

+ AxAyAz— — J F x (x , y, z) dy dz 

jp y{x, 2/0, 2) dxdz - j F z { x , y, z ) dx dy] (1-30) 

(Uil J^JI d\ J I lj?-H\ ^^Dl JjjJ-l j yaiUI oL.^Lc jj^j 

omi oi* j J3 ~Ai UUI ol^L u>C ^jU-I yi f >-^lj j^JI J* 

Uij F J^Lli *Jy\ Aiu^ a i\ 3 {£\ { l y, i JjUl i^-f^SC* Ju'jLLt . l^UI 

sjuLdll oL'Ij^^J 

dx ^ dy ^ dz ^ 61 > 

j±l . o^LJI M>i J^Ur o_jLI ^L"| ^sCx i.j^JI oLtlo^l i)U j_, 
*J»UM i^Lil oJK lij . r 2 sin ArA0 A 4> ^jLj li* 



ia&jwaJI Uii^ F.nA a 



F • n Aa = F r r 2 sin A0 A* + F»r sin A<£ Ar + f> Ar A0. (1-32) 

UsCi l-^ c^JI ' F r u-Jj i r 2 F r sin>0 ! i!*UI o- £*>lj 

oj^l o^LU- dJU JliUj . Taylor series j^Ll; aUl~. <_~j- 
t oJuL eltill LLx. jU-l . ibUJJ cs^SlI ajoJ-l j 

div F = lim , . a \ Aa . A If (Frr 2 sin 0) Ar A0 A<*> 
v-.o r 2 sin 6 Ar A0 A<f> \dr 

+ XT. (F*r sin 0) AB Ar A* + f: (f» A* Ar A0 • (1-33) 

: (ijLJ 

* v F = ± £ (r »*) + ^ £ (sin .P.) + ^ f • d-34) 

Jaj jl ) j^sJaJI £k~» p 5 *-*" (jj^-J J'j^ oUlju-^U 

. ( (JjJaJI j^>Lc lilli 

P j i £*ijJJ iJlj^ elk** jJUl ic yft V (jl l^>^3 liU . liLilSL,. 

jjU: ^Jl jJUI i^S" jU Jit ^PV-nda I Uilj < jJlil AiUS" ^ 

ou t iu^^j jjui yir bij . ^ j i 5^ s ^kJL j,ui 

(jl J^- li^-.J • ^k-Jb J»UU jjIJlJ jJt^aJJ LLi« J*j ^U.-.U J^lSCxJI 

Aj| JLcLlJI jj— jij Ajl *J^-i>- (J I Ji-^J o^ltl ij jjS'jiil -LcUl C-oj^aj 

. J^U^^U Jjlill jd- jjljLl jjt^ail iiUS" jl 4 j»s*J-l SJ^- >1 jJwail 5J^ SjU 
t I^Ijh,^ oLj] ifUi^j i A^oA^I his- j AjjJaj (_^aj U-^f U^'j 

(_j9«Ja-.JI J-«l5lzJI cSjLj V J!jU- wU-Lj J-.l5d o] : j*Ui!I 
: ul (il -V (^i-l Cr 01 ^ ^-^1 jJ»-JI ti* ^^-^J h.sy*^ 



1^ div F dv => F • n da. 



: gl ^<»I>JI g* «iS>ii* • Sj sjai j%k~ j U»l* AV j ^*»» " 

^^F-nda^F-nda, (I-3S) 

oi» g« ^js-JI i$4-l j J^l£> j£J jtjW-I U-?""-* ■J>»»JI gj£f 
•uii y» t iii v-J-JL ^-jU-l Uai* o£i (i-jJI g£) • ibUil 
O^UlSCJI gli i_^JI liij . ijjLf i-ii. i^JU J^-UI y£ U a », ; . « 
^Ui yjl «iU; la* 4 >^ll Ua»l c»i* (1-35) iJ^Ull i^l \j 

J* J-a^ gl L£r g^lj . (1-35) XJiUil S*w» L.L.I U*>«S ^IwJ* 

J*/~ i^Js»j *ri^iUI 0- W-l JJk* £Jy gl) tiUijj ^^liki 

gtj ( V ^flJ-l ykil J-LSC" i*!5U jv-^' ^4-1 oIp gli ijUl O^J. 

: gi ^uu < F 

^ F ■ n da = ^ div F d», (1-37) 

Curl ciUxW! 1-^ 
: . curl F 



« pkJI aiJb ^Ul p^jJ-l j ^ ^ c> f^' ^ 



curl F = lim 4 T n X F do. (1-38) 
^ Sjui 4 5j>^ .acLJI <-a»^««J i-ij^JI l-^'C^ 

jU^ iJlid^l oL>JI Ijaj • o^Ua^ oLy^l dUi lac 

dJL^i c!Ui j-j . oLiljbOU iJiiT Jl^L. <_>LuJ5U i^juJI U^Jl 

J £ (JliiJ^J JjaJI I J* u^j • J>l (>l>^ > ! t - tt =>" 

sjl^J J-lsCdl ijU ^ a sjo-j sUL. curl F IS jj. o] 

u»$ J Ql J* i >uJI ^ JUII J»*l *W o»UI yja: 

a • curl F = lim | ^ F • dl, (1-39) 

Jfr-JI . a (j-c (i-ij^c j S ^k-JU Ja^l C ^^-LstJLI 

£. c (i^L-il J-c j > «*JI 4 a 4jtiJJ ykiJI jrl^JI i^l j^cj . (1-6) JSlDI j 
: J* J-^ (1-38) iJaULL JJU:il cJUJ^J j/^l <_i,>JI 



cJUi I iuaU jJ^JI J5T J* x>«JJ Ijl^ a 6^ U> 

(ijLo axn da Ja»-^ ^L„ll I JLA L-JLi . Jaii ^Ja-J II li* J* J-lSiJl 



is-Lil a J C ^^JLI ii>J-. ,y uj^ 1 1-6 JSLUI 



: ^ Ijj « V = £ S ji Ji^ ciUi 



a • curl F = lim 9 {F • dl, 

jUJI uij^^iJI J I Jjj; L^U L^L.j ibUU Ja,..,i ^* £ iiLil tiJ^-j 

J^JI Aij^kllj oLJIjkP-^l i*k»l i_aLjv£ cjU-d^l (_<La- t^Sj 

Ax Ay Az j^J- 1 fJ^~ i ul f^UI j>*i <uUj • J^LJI iJl>- j c-Jc*I~l 

j X k = -k X j = i, 



(curl F) x = lim ~ {[-F y (x, y,z + Az) + F y (x, y, 2)] Ax Ay 

V->0 V 

+ [F,{x, y + Ay, z) - F,{x, y, z)} Ax Az} . (1-41) 



rt 



: ^ll> ajUJI i^-lj j^ijlj' iLi-^ 4^=r>f <Ltal*il oJi» dU 



(curlF)^^-^ 



(1-42) 



curl F = 



i j k 

i. i. i. 

da; 3?/ 

F, Fy Fz 



(1-44) 



(_,a<u Jkicl l^li vi^s-^l Ljaj^l CjLjIjis-L; ciUJ^I jLsil <UL*» LI 

. Stokes' theorem hj^ <yj <J ti oi^JI j 



ioj^JI ^il J*l£j ^Lj jU» jL- Jp. ^ykLl j^l&JI oj 



^ F • <R = curl F • n da, 



(1-45) 



Jx^l (^^dl ^LLl J^lsaj J^Jl LjL- o^C-. L^LI ^ 

: IJdj . iJU-IJI oljLil Jj^ c^LliCdl ciJ^ 1 1. 

f c V ' dl =llf c *- dl - (1-46) 
i^U J^t ^ SjI^'JIL. L^U-I jjlc ijUl jJ- c/\ ^ 

9 F • cfl = lim V -V 9 F • dl AS,- 

JC 4Sj-.0 j Ml VC; 

= / curlFnda, (1-47) 
Js 

• ^j^r J-^j' j»j <j£y~^ hj*>3 -^L^JI (>• ^ ol y» <uJia-!iL 



Further developments (i^T oljj-kj" 1-7 

oLUxJI ol» ^ fj> ^jU aij • JL# jlcLj jj-y ^1 

4 i*oU- L^LLcJ J I i»- 1 J- 1 ^cjJL oLLjJI Jj> . |^i^> Sj^5Q.I 

L^cj - V 2 : IJy 3jU 4 Laplacian operator oL^^ J,U 

0>5C' oLJI^^l sLLw JLs illj J.x. J^UI lia _,Jjj 



il j Sj^i" wtl IJLij 



curl grad <p — 



i j k 

d_ d_ d_ 

dx dy dz 

dip dip dip 

dx dy dz 



d^ip d^ip 
,dy dz dz dy 



;) + ■■■ = 0, (1-49) 



I jL*o <_ililJI (5 1 JlcLo U.j£j Ic^ • (J^ 9 ^' a" 2 - 1 -" (3*^ 4;! ! c -^ ; - : -'' 

divcurlF = f - + ±fe - ^) + . . . = o (1-50) 
dz/^dy\dz dx)^ K 0U; 

^ljiiJL-.Lj .4^:.. Jle ciUiJ^ <JUiM j^-l ^ iJCJI JJu*JI_j 



curl curl F = graddivF — V 2 F, 



(1-51) 



j« oLSI^I f Lkj (il y^ju «u*dll yL.^'Jl ci^j, . J^l <^ sjuUzII 

. (1-51) UM\ Ji 3 sjulldll oLJIa^l f Uij 

liUj v« iJL^liXJI (J-»l>».Jl £.aJ i^jf SjjJU. JjLj dJLjbj . ijr^iUlj ifstlil 

i>«^ (iti^ *J>*-* • <Jj-v4-l j c!Uj ^ t oU-UJI 

4s*-*» j«v^»J Lk^j jj J ->- c J ' oJuLjdl oLjIjla-'ill JIjkJLm/L) oUulklil oij> 



tv 



(1-1) Jjjj-I 



(1-1) V(<p + ^) = TV + 

(1-2) = <pV^ + ^Vv? 

(1-3) div (F + G) = div F + div G 

(1-4) curl (F + G) = curl F + curl G 

(1-5) V(F • G) = (F • V)G + (G • V)F + F X curlG + G X curlF 

(1-6) div <pF = <p div F + F • TV 

(1-7) div (F X G) = G • curl F — F • curl G 

(1-8) div curl F = 

(1-9) curl <pV = (p curl F + TV X F 

(1-10) curl (F X G) = F div G — G div F + (G ■ V)F — (F ■ V)G 

(1-11) curl curl F = grad div F — V 2 F 

(1-12) curfVv? = 

(1-13) tfsF-nda = f v div F dv 

(I-H) f c F • dl = f g curl F • n da 

(1-15) rfspnda = JV TV dv 

(1-16) f s F(G • n) da = f v F div G dv + f v (G • T)F <2v 

(1-17) /snX F da = f Y curl F dv 

(1-18) f c <P dl = / s n X TV da 



: J* gJI Green's theorem (j^S" ij^ki el* 
^ (lAvV - v v V) dw = ^ W- grad v - p grad f) • n do. (1-52) 

F = f grad — ? grad <A. (1-53) 

^ div grad <p — <p grad f ] dv = ^ (^ grad ys — grad • n da. 

(1-54) 



f A 



div grad <p) — div (<p grad = +V 2 <p — (1-55) 



.CjlJ <ij^> J* (1-55) j (1-54) <^JjUH 
. dili lot >c5 i JS" Uiis-j £>*»>U li* 



C j B j A JoUlJI <JI jjs j s^ill ol^iil | o*l* lil 1-1 

A = i + j + k, 
B = 2i + 3j, 
C = 3i + 5j - 2k, 
D = k — j. 

• UJ>L> 0^ V-JI o=r f t 6Ljjl>^ Ic* CD 3 AB <^Jail I c. r .sl 

: ul-uLi* CthH^I d** 5 *-^' dil c~jI 1-2 

A = i + 4j + 3k, 
B = 4i + 2j — 4k. 

: olaaJll (jl Jx. ^ 1-3 

A = 2i — j + k, 
B = i — 3j — 5k, 
C = 3i — 4j — 4k 

: ij"^ 1 <hUl j > ^ojL 1-4 

A = B — C 

: yl 1-5 

A = i cos a + j sin a, 
B = i cos + j sin /S 

x J>* £• j5 J a u^Lhj l^lj 4 xy <3^I~il j jilj Sjj>-j yn 

.4^.^111 ^UJI flas*^.l cos(a-/f) J ix^o j^r . <_~j>JI 

Jls. <j^->5 J«<9 3l 4jai^j IjUj l*s*i. T j bjU l^^JL. A lil 1-6 

: ol JL> < (x , y , z) iUiJI 

(r - A) • A = 



: ol CKi 1-7 

(r — A) • r = 

. IbUI XL\\ j ytj/Jdl j^jil u-ii lc* r j A lie ' iLL. ^ 
j A JpliJIj J^l iLu o« C j B j A oJl^ |j| 1-8 " 

(A X B) + (B X C) + (C X A) 

. ABC (5jl~il !^S- }M 

. ytUI o^^U (1-12) ikUJ ,> ^ (1-13) ibUl yl oJt 1-9 

. [A J £ C 4^11 yl Jl ^ (1-12) <LUI 6l Ji-*] 

: ol < ijJljk-^l oLilo^L jcr 1-10 

ds = dra, + r <^a» + <*zk. 

(1-21) ^iUll j >A oik* 1^ e j r o\ y, -uk^ ( _ s i r L, ir, 
jloi. Jif r ijjytll oLil^^l) <_JL . (1-22) 

cJl jUz-'JIL iJl^kJill oLJIjb^l F o^LiJ I^oJ ^ 1-11 

jlcLj 1-12 

i(x 2 + yz) + j(y 2 + zx) + k( 2 2 + xj,). 

. ADfA\ tiUzJI ^- ^ 
y , z) iJaiJI <jl J^l iJaij ^ J£E r oi ,i* lil 1-13 

: ijj'il t>*j^ ' ( x > 

divr = 3; curlr = 0; (u • grad) r = u. 



: o\ ' k& A <^ li! 1-14 

grad (A • r) = A. 

. (1-1) cb4-l j <^-il (1-9) j (1-6) olitkdl Swji»- 1-15 

ikiJI J! J^l iU; (>• ^ jlai- Jic r ol (i* lij 1-16 

: ol (>*^ ' r J ioJ' ilb Kr) j (x , y , z) 

grad/(r) = -f. 

r dr 



SUi— j^a-Uzll oUIj^^I ^Ui— (1-51) SJjULI w Ji^ 1-17 
JjJ-t j cpj^jM (1-16) j (1-15) ^Ikdll 1-1 8 

olilklll ^ jl sJl>-I_5_j JlcLJI ij^Jaj ^JlsiZ-I : iky^L. ] . (1-1) 

. [(1-1) JjoJ-l ^ J^l 



ELECTROSTATICS 



-.Electric charge <LjL^£J1 2-1 

4*kl> (_JuJI i>lkil ^ ^_5-L^ ,kl« <il):> L>l vi^ (JjJlil ^y. <uli tiUj 

dUi JlLij O^SClSI <^>b>- (_5*JJ oJj-^ -^So (_jj«aJlj 

£y>* j\ USGV ibJJI ul lil c dUJI U-^ J^- jtf "il LbJJI o& 

j JillJ oUjj&Li^l jbjD«JUj ij^fl o\c~4-l ol <-* j*j iljaJ-\ 

Lj>-^o iis.^; L>_jjt^« ci^aJI i5"jlj J»Lkll <J I <_ij*aJI <_y> <iUaJI iJ-»* *Lol 

. JUL. ^Lm^j oj 5 *---* 

<y Jjlft iJLt i^jij' C5>4^ J-^ ^4^3 i>* <jl (>• j>^jJ' 



^ jl (i^UI iJL) olijjiSO'ill iOf. j (>ijU ^ UJ if Li i^uli ij>ti» 
(i^4-l £>UI (il) jU ul ' iikjt <Jl£il oL^UI 



Coulomb's law ^£ O^ilS 2-2 

cilS" jJ- i^^^jeljl ^ _jJl«J 1 j j>i»J CtJj- jJLc (j»«LtJI u ^1 elfrol J-i 

(jo>>aj Si}l£j y*J-l cJUi j JjuM lij>- jjjl Jpl oL-Lill ciUj iL*a»- o^^csdj 

Jail (Jx. (J^*-i Oji ^ ^>-'i!l |(*ljL»-J (jbljaii (jljUjti ^JjJ O 

^» L^»Slc ojill o-la jljiLaj i (j/i Z '.,->, ifj I ^(u (J^»l_jJI ^il^Jll 

. Ij^^j (J^Lill J*JI 



OjiJI j JSI^I ^I^Ijj^csJJIj (1806-1736) f> J/ <5j 

(Jx- oLjaJlil 4i^vaj c^lji" i*Lw<« C^-iJ • j [>*LtJI 



tt 



tiJJI (_«. »Ldl ojIj Al^J C 1.1 c r 21 jl Jti-* AH c 2 1 j Q i J I Q2 
<L»5CJI (^l) ojlji* r 2 1 <u»Ji (JvU-_j . (J-JL» CjjotZL, 

As. jrjJu.— ^la^AA _} oJj- j <_> (2-1 iljLil j r 2 1 / r 21 

^ ^ju q 2 J* " a »s&\ ojlkil 0^ lilj • oL£JI II* j <u1a=U-l 
(J 1 2 2 (J I 1 jf* j ci jj^r-all (>• Q 1 

t 4,. liii . J I Ostulllj -Uaijj . 4. tia.'ll oUjtiJI As. fji^ U>>1* ' '-*- r ■■■■ 

o^jli j»ljj>tZ«.l -^ai 4jli LoL^L*_« 1 „j- j . ilt-JLL iUaJI dj-k c$l 

jlLc jjJI ^ (^"b^j^SUl _>Lill o^U j liJ (2-1) iJ^Ull JUu-1 
Cr~~J-l ^ ^Jl olS" 'il U . >ll 0- 10 " 14 J* ^-y ^ oliL ^' 

. i^jil 4j_j>JI vi^iJI oU iiLil dUC ^ Jil ^_ys«Jj[l 

q* dLa ul ^Llf (j* (2-1) 4JjU.il Ol Cr 4 p*^' (J^-J 

oi (5 1 t (^-iC*JI u>ili 4ij J I L. aJLiJIj ij^^JiJI ita^lj t>*'j^' 

4-_»^JI uj *ojdL-« 4j^>tJj <jv-J JaJj • 2 ,!■»■ .rf-all) r 2 J -VaJI (j-l 

. 10 9 as»lj Jjjrf ^ jl-Aif 2 jji^JI t-aLj^ 03 r 2 i 

dJij t (2-1) iJaULI j 4JI jliil C jloill iiiL. o'^j 

Olo^-j u' u^iy^ ' *^>lo?-_jJI j»Uau JJusj (3-1)1 yb ojllll IJt» (j^ 
4jLej . dLjl^il j 4,l,»n',' ,1.1 CjIj^^JI "uJijl As- 1 Zj*J~*.a iiLdlj Sjill 

^uLjJI ^4 (2-1) iJjUil ^i^J tt^Jr 4_J>«^JJ oJj-_5 jLc^- (jlj i Ije^je^J 

ijl 1901 j»Lc (Giorgi) ^j^- ^o$\ oil . li..^* o^iJl Sjls-^ ju- 1 -^ 



[Plimpton and Lawton, Phys. Rev. 50, 1066 (1936)1 20000 ^ ^ 



^ (^*J ■■■ (i^b f/^'i eJyiJIj jJ^Sfl Jl« ULDI Ajl^SOl Cjljia-_j.ll 

(3/Lll oljs-_»JI ^UaJ ^j^Lj i ijSljlSLil oIju»_jJI i*kil jo-| L^tfj _j5Cj: 

^^J- oljj-__JJ JuJar j.Lki Oi^-^ — ^ J* 3^$ — J^l f^kj <iO 

olu^-^JI j (^r j>r fU»j (.j^jl^u ob^Jl lift j_j . L^JjLuilj iJL^SGl 
olj LU-I oLL«JI g\y j>kiil ci>il fLkJI 1/ jl 

LaaI __y. dilj> j U oLLill j ^.Jj.: II CjIjj-^JI £. iiLU oljj-j 

^1 

ul ij-Ui ^il_jJI t fliilll IJl* <LjUJI ^yt (j-*_/^ (J-"LJ> oJj»jj 

(J-L* OJ^-J jljjL. O^J Jil . ( ^(*>J>^ / 2 J-U . (jj'^J ) ^ C OjIDI Sjj-J 

t > t *^L- J . C = 8.9874 x 10 9 n.m 2 /coul 2 f lkJt li* C o,WI 

i^sLL-"}!! oj^-j . C= l/47reo iijUl (y* £j*tl~ut ooto ojLLII IJLa 

IjJx (J-ajeJ— (jjl O^iUU ia....,,..^' j oji-^" oJjIi <Jj^' iUjlJ SjuLu* jJ-J jJI 

oL5Ul j IjjIS" <uljL>tZ«l jjZjiy* ciJJI jjjJ-I ojUJI IjJ> ^ . (J..i".,.,ll j 
I _>UI jj . 8.854 x 10' 12 coul 2 /n.m 2 cSjU *l*J, ("jJJaJI *UiJI 

JjJJaJI frUaill 4jijijj Jj ■ 1 U 1 1 (iUaill 4^-l^,j ^^.a^lj ^^Jj^lJI CjLoj jjij (jl J^- 
A.al» Jll 4_cL-*aJI (jl ij ' A . a la » Aaj jJaj s-yisiS itj^j ^^^^L Lftljij>-I Jio^j 
4 — 9->ll jLlliJj 4 .>^m.J»L-1JlI ^Al^JaJI 4_3 jjw i^w-Lialj t_a_jjl_«jJI (iL_U 
ijLlll JpJdl (jj . 6^1 ajjlj^ll tfJULj* iiiLLa ^iUI jji LT»J ' A^JaLi^Jj^Slll 

(^.U- JSCl. lijy^l lilj . (2-1) iJiUI f lj^l jI>Jj ol^JI oi* Cn; 

i^lJI J £ 5_Pjil S^iJI o^^^l oL^UI (_y N (_y iJj^ i*^-. 

: ij^Uil 

gjftU^I ^1 (jl J I 4jjU.il jjjSlI ci^iaJI j i.^Lc >j" ij 

oJtcli ^yn jJaJLi oJJij . i Ifl-iij (jJI <Ua«-lJI IjX oLatlJI J^-ij ^_^J J^J- 
^j-»ji I (3jU*J ^w?" 

. jI^lII ^J-l s_p^l ^1 ^i^^i 



J^Ij lfrb>J>-j A. la a ■ l i oL-wll ,ja N ^ru JjUlil jyllll 5 £j-">> 

jiiU! aJU j LlJ ^Jl obyuoJI <_*j*Ju </J ijLju oU^ulll ^ ilyll 

Jjj^lll j^Ju L..C5 U^'j • ollsvlJI ijS^al* (jvujy (ju JjLlil 

/^ft ^mnLI 4,.' Trit.j f **»U r-l ^ * ^* (j^SC^j a^jL) ^scji 

A-'.s«..t J Aj_jL~« o£-> ijl ^^f^" *<J*li Ajl <U-Ji tjl (j'-'S \S 

<Lp-1) ^ Als*-lll 4*_Ji j ^Ikaj^l lift (jj • ■ J-ic j ijjj^ OjJ^^' 

(5_)LJ UJJ^^I Al?»£, K±3 o^i O^ISLL. Ajl j ^ i-^-jJI >L>jiiJI 

iu-L'ill sj^-^JI oi* o] • I j*- d~*° jl-^ yj 1.6019 x 10 _19 coul 
ol_Ls»-l!! ^ JJL» jj_t ^» oL)L^ a_^JI oLLsvlll Ol t5 ^«j 4 .>»*■ II 
j^j^j ^_y> i^-L« (j-* jfr*"* j^-^ (5^ u' 6 <Lojj\£J^n 

p-sA* JuJ-L^-j . oljjj^J^I ^ Ijb*- (J^c- C5>*-^ <Uj*-UI ^ — * - ^ 

ul ' iJ'-> «J^Ju (j^l- (il o^ 1 '-^ ol olSCiL. 

^ytLl^ AjjwJLlI ^-■.aj L_LLt j***-^-' SJi»-_jJ 4..',-»,„f, 1 1 4jtc ^ AlatlJI iilii" 

sJm Sjiij . ^>\}jl\ (Jij ajUJI Jl»-I 4-i«xJ (j^-*-* dJLsi jju J ij-ux-j 

1 (J I ilSe^JI ijjai AjI (jiljol L-LSlc LjU«- AjjJJl o"ilU-l 

aJ^Ju jjj^lll ^ ,j^_5 AjLc |J Aj»-jJ (J I jjkMs\j 

: v'^l UaiJI JljjJI 
: a^swIU a^sJ-I aJUSCII iJ^aJ 

p= lim If?, (2-3) 
: Ai%JI (^^-s- iLsvJJ A^-w^M.n AiUSCJI (J 



iJUJI J 1^1 j Ail y» AJI SjL^I jO^ Lfj . i^viJI jU AillS' j| A^ijUJI 



tv 



I j<Ju (j^aiL*, ( Ijls- ij^S L > r .«. J i cujl5" oj ) p Ajjs«-iJ I ii LIS' 6l j^- ioLie^l 



P <L*«- iill£L> V ojji \ e «- oiii» ^Oj 

^1 s^Jl ^1 ^ < V ,^LL J^l S ^kJI J* <j i^kJI UiiUS' 
,ji j r aj^iIL L^oy. jo# q <J- £ cr^**^' ^jj--" V. 

<il i-^J-l iilKll iJ^jj U q 4 & (2-2) iJ->l*il 

F, = 5-?- / , r ~ ^,p(r') <fo' + t- 3 - / , r ~ T ' <r(r') da'. (2-5) 
q 47T€ |r — r'| 3 ^ 47re 7s |r — r'[a v 

(J_}^!l ilajl! jJuj Jij . (2-2) AjiU.il j Tj jJwail iiaii jji (j-ii <_«*ij l£Uju 
,_L.15jJI ^jjj- 1 -" 0-=""^ F ^-^^ oAJiil ilaLjl OJ<i_j li] Ajl 

;*ku oT ij < «iuj^ (^.J JUL1 ul ' '-^^ (2-5) ikui j JjSH 

. (2-5 ilLil Ji^) well behaved d.>LJI j^- J-lSjJt 

^ i u«Ujo q <Lot^JI o ^j_jil SjiJI (jl (2—5) aJ^IhII ^» ^«ot.i 

iaL-u-'j U^_jij olftj . (2-2) SJjU.1I ^ ^^-i 1/ • q 



The electric field JL^SCJI JU' 2-3 

5 SjiJl : ij'Sll 4....,,. '..Il SjU 4jU U iJaii JlLc jU^Ul JUfl (_9 

JUJl! (i^Llc^l >^l'j . >-aJI SjjLli-^l "^3 V'j*»] *J^' 

E = lim — (2-6) 



tA 



iovlll J*i- y> jlj^^Jl JUil LAjjjo j AjUJI iJuc JU-jj qa cijuk I o] 
J-"-^—* i^s- L.v3^i lili . JU*_JJ jjjil ^y.'.'»«.u.JI ^jj^lJI s jjy> AjjLwl^-'i!! 

J-a r,i. i ojL« ^* £)j£Sj> J*£^il ^^M) J-^_j-« ^ a "*' ^jj** A,'-**. * , ul J^ll 

A a ia...U (j AjjLjji-l Al»»£. i_Jj>- L)l Ujl^J ' ( A-«U" (Ji*-J ljl ^wLmJLJI 

(_jL.^- ^ l. ISU . J*<sjil iLaii- j JjJiir tj_)Ji»- (J I CiJjJ J*<9j-Jll ejjUil 

ajjL^J UJL^ (jJI i^UI i*J> I S^ill 2L«j jUtJ ^ JUil 

ijifclj JbJiJ-l £)j.>^l *(^UJI jLj^SGl JUfl J.* LLjJ- t eJjJt* 

S^jU- aJU>- dJL^i <£Ui . J*0}il aJj>«JLI (_^ys^l ^jyJI (j-Jj 1 J^>>ll 
jLi*I Ij-j jjJI <UUU I^J *jjjj^> AjLiJl Jt»-I A.J...T. 6_>SCj 

Ju_£ JUil 1 »i* j • AjjLj^-J S-Lsw Ajlls ^LskiJI £j>lll CjIu*£. 

. 4_jjLwL^-"^I 4_Lsk^J t ljL£ ^.'-■H..fJ I ^jjjjjl A .'.■Xiull 

L-jw yo»UI gjyJI U^i <j>^ o^ULI (fljj (j^-'iLj ^^p-l o^U- jj 

(j^^j'i! I I o*itULI oJjb j . ijjLjji- "ill *, J I a^J> «»• <^_Ujlo o^sJI t3>^-> 

ulS' lil ijUJI Jt>-jJ yl lib J^ii^l Ajli tfJUi . Ujj^o AjUJI i^-l 

. JUil ajjUj^I iU^UI jjifc j Si. (£JL> 

I J I (2-5) j (2-2) oUiUll 
I t>>ij qN> ••••> ^2. Qi ob^UI ^ N 

ojji \^»- Jj«-1j A L ^ .t.J £jj>> t>*J ' J^l (J- Tjiji... (TjiTj 

^k«. (J»c "^jy <-J^J y"^**" 6^ t>"-' ' CJ* V*^*" ji* ^ 

Aic q AjjUi-j iU^i o*^>j lili . ff (r) ^» i^L* iiLtiC jyr S o^jj 

: iJ^I aJjUIU slLu. S^i> o^5U r iki^JI 



oi* iL_j.JI ajU (3jL-J r Aj>«iiU jjtil ^-i^il jllc jU^rt^JI JUil Lil 

: a-J^I ii^JI Jl^-L r xLc JUil ul J^- 




(b) 



^ J I o^U-l ^ J « W (2-8) iJjUilj 



JS" jllc l^L^o _ jL^aSCJI JLil _ l^j UUi^c jdl iL*5CJI 
SjiJLi ^Lv>Lj b>l^- tilki J Li I IJl* . asxZa JLf ,y> E=E(r) iJljJI ol 

jj . dDiS" J "ill J-xaiJI jj J*<aiJ! IJun ^ iolill J_^-JI j jJu piL* 

^ c£*-« jt>J>> >(_j^LJI (jL^SCll J Li I i^Sjj ■kjjji iljLfi 

J»jJa^. ^41* ci>Jj>tLw-lj S_Let~.« iLj-»J (1791-1867) (S\i\j3 J-JL^i Ja-JJL-I 
0_jSo <^*^^ dp*-* J^Clj (_5»*J ( jl ) J**" >* SjiJI Ja^-j . o^iJI 

. ikiJI dilj JLLc JLil oL£j u >.fl :„i <Lkaj 4jl JLLc 4j>Lf I 

& . U«\ 4^Lsti< f^iUJI jLj^SCJI JLil c Jllil J-^— « (J-f- ' Jl^-Lj 

4Jj*JL)I 4jLLj..« 4^x-U.i JLil IJl* ojyiil eyii\ Js^jJaj- (j_jSCi . C[ j 

JLLc f^UI JL>eJJ o_ji)l Js^Jai- *<-ij Jita.JI (J-cj . ^jLLl oLaLf "ill 

oJlA <LLseJLll 44%^ 1^5\Jj (illiS" <^c-\jj^ i 4JL* oJ ^ . U » i 2jj>ti, 

JsjJai i»4^ <L**»L>- (jL^^ijj I^SCl t iJj^-JI Sjli (j (jl-J^SJ d)^U-l (j'-i* • »^il 
•*■»-£■ C$1 ' ui^^4^~" JLil jiUiaA JlLc 3_jjJI J» jJas- (jl CS*J JLil 



: The electrostatic potential ^SLoUu-j^Jl >h4-I 2-4 

ji**iJI *4^-« i^^i" tiLuJI ^i^Lj lil «jl J_3*il Joill j Lkp-^ 

JLil J..C J^-k-J (Ol£JI IJunj . ki=*z**i j'^l oJl» 

ibl.il ciLuJI jl J^}L d)i J^Jj • (2-8) iJaUL yLJLI JL^SCJI 
j aJ^UII (iUJ j ji*^il li* ^4^jj • r i-— JL iUaliil (2-8) 
JljjJI <JUdl ol ol IJJ . Jaii (r-r) /|r-rl 3 iL^ ^ ^l JljJI 

JjjJ-l j elkx.il (1-9) ii^all j.|jlse^L_5 . I jk^o (ijLo 4JL1I dlLo (Jl 
: J_t J-^ij£- ijaeJL. ^ i^iSo _jviail 4jtlil ciLiJI (j^yaJ (_JI_5 (1-1) 



curl 



r — i' 
|r - r'p 



:curl(r - r') + 



grad 



r - i' 3_ 



X [r - r']. 

(2-9) 



J..C J^aji (1-13 (jij^UJI Ja»-^l ) » oj>^u (r-r) A^lil (JUJI 1_jL^j 

curl (r - r') = 0, ( 2 -i ) 



L.J g±i (l-16)yt>JI jl>t>l /|r - r'| 3 i^| uU Il^j: )f 



^^^=-3^-^- (2-11) 



ol ■^ jL >" c (_5* (2—8) aJjUII jjjl?- Lc j 

jj- IJyj . I ^i-^ (ijW itaUll JjJj- 4Jjj5vj j j^Lo (jjJI jL^Jl JUil 

JUJlJ jL- jIjl^I oli a*^.^ iJlj J I jvU (2-12) ibLil 

ibUW Ji* <jJI U yijJI JUL* tjf . iJtjJI dlL" 6l • JL»^5ai 

E(r) = -grad £/(r), (2-13) 

^ *jl j* <JI Sjli'ill Lfj . ( ^LjL 1 .j J 45CJI o^i-l U SJIjJI oJaj 

. ( 2-13) ibUI j o-sUI Sjbl j^ij ^1 

Uit} = i F^J ' (2-14) 
(2-8) ii%J\ jij (jLJll JL^«£JI JU*JLI iJlj 



4x« ^ |r — r,| 47re J Y \r — i'\ 

+ 1T— r^-nda', (2-15) > 
47re ; s |r - r'| 



<3X 



L. 

H\ . J*A> f J* (2-15) j (2-14) oubUI jrli^l y l .cijlii) 

iS^uJI iswa J£s£ J14J-I lib e**taL« 4 ^-Ln-^l <j\ 

.(2-13) 

f E(r') ■dt' = - (' grad E/ • dt>, (2-16) 

Jref Jref 

grad t/ • dr' = dt/. (2 _ 17) 

: J^l JS^JI J I (2-16) ibUI j (2-17) ibUI Jl^l o\ 

- [' grad [/• dt' = -C/(r) = f E(r') • dt', (2-18) 

/ref Jret 

aJjUII UJ» lilj . (2-13) L.£ju. j«: ii^Ul oia 0> </> Si^iJ-lj 

j iku Up-lj iJaii i^i, ^Ul JU^I uV 1 J* (2-18) 

: iJ^I i»~-uJI Jx- UuaJ- t I ikiJI oi* j-Lc 044-1 u.j£j t^»- Vy^L* 

t/(r)=^-- (2-19) 

juj^dUj (2-14) aJjLJJ 2^»U- 2JU- c5>- JU-I j ooaLj 

SJiUll J-t J****!] (ili^^l li* j ^-jiJI olSd^Lj . I^i^ rj u^5J Loj_c 
. ^ J *JUo^ 5jjj^ ci > Oj^L- lili^ 1 ^ 0^ ' (2-15) 

TF(r) = - f F(r') • dr', (2-20) 

J ref 



or 



a-Lj^ £>- ja iki J I a^j r ji^il jlu ii'Lkll (J I W(r) > ^ i] 

<jl Jaj-jl> ^LSLjL^j^^^JI aJU- j j . \ jk*o A_L*lOl Aslkll IaJlLp 0_j5o 

i^DI Sjl^^J a_^153I ii'LLU L_jl~. ^jSLjb^j^^l jl^J-I 0^51; I JJ, t F = qE 

Ai'tkJlj ^^Ji'L^j^SCll (j-"-*" U~»ij £•>- AJaii jLjjs-l ^ lil l>i 

ISOl 

Ijw* Ijjj (2-13) aJjLII j.lojeji^ij j^J-l j-yyu, JU-jJ <j\ j*J^> dlli 

^PJj La wX^-^j *^ (JL4- 1 A„« . . lajj . ( _ 5 $loL^_j 

. ciLkll ajI^ j <jjojL.SH 

\ i^UJ aLI~ y» (2-8) aLLJ.1 ."(2-15) j (2-8) oy}>\A\ fcjlix L^jj 

(J^stZ-j j£ j c *^jk« j <_jLJ-I u^-i J-«a>l (jj • J^O olcj»>- 

(2-15) iLUll ol of <i>-S!l v-UI a* -5 • <>1&JI 

jjjis- ju>- J5G Iju-Ij jJubCj' _jl Lc^si L.ALi] ^1 aLL» ^ 

Lf t Ir-rf AjLiL o>5C iljU.il oi* J ^Uil <j\ Ji^^s dUi ^ ^Uoij . aJjU.1I 

<>l^l ^SG . (2-8) ibUil j JUL! <uL y, U ^L^- 

j (jiljlc^l IJl* jj u^ij • (2- 1 5) ibLJ.1 J*l& aJlc (5 ill 

. J^LCJI >l jsr\ (y> jy5L> JJsUJI jU>l 03^; IjjLj^I Ail ^ SijJ-lj 

j i^aJll ^yi O^-^ ( _j$^-j'Ll-'Jj4^JI tjl l^itlll (_LojJI (j (3^^*_J 

aJl&j 4 cj 3-4- ' 3^ J** — C?5t> (_y* <Sj^ j»lkJI |j Ai'LkJI «Jb>-j oj 

UisLi- lc^/1 1 - U r. 1 JUS LjjIjjeJl-il OjijClj t ^3^3^ I J>=r oJ^-_3 

• / cJ^i jl / 1>">^ cs** iji^y*^-^ JLil oJ^-j L«l . cJ^i-ll 



:Conductors and insulators Jjl**)lj o^Ua>!il 2-5 



pL** j oljjj^CJ^I i^Ul o^i'L; Shi 3 . ol_>iiJI Jju iilkJI 

o^UI a^l J I v-^ij J^il J^l j J^l 5^ (omi 
J-*»>U j jU^4$3l jLdl o;._jSJ jj* iljJ-JLI ^ o^UUI oJl*_5 . i^L^^SC)! 
• g^" J ^ t>° JW 1 (i* JaL~. ( jL>^ JU <£JUa UU» 

o^ij oJjJLlLo ij^st^il O^^i- 1 l^^J 0^-> (Jj-H ^l>ll ( _j£ 9 (Jjl_j«JI 1*1 

(J I ij^se-Zil CjI^^J-I 4jL=tI*oJ j^i^cj-ij . (3^UI Jauo jJI CjLLJ,^- oU^l* ■* ■ " ■ ■ 

Ji* l^jCjj 4 2uhoH\ [^o\y ,jC ^Lii C_j| J.£ i^jji J jL^^SOl JUI 

4.J (3 JJl Ja— jJt yaj t <J UII JjUJI J.£ (jj ■ k.:.; oij^JI IJlA op 

^ytlj (J^s^j CjJl4 Jij . ^jS-jl?- ,3 Lj J^f 4-Jlc JaL.j L-LLe ^b^S" (J_^<a_jj 
10 20 o^L> ^fr'iji JjU j J-^^JI Ol "*J ' A-i^iJ- 1 i-JljyiJI Jjl^jJI j 
"iljU "}Llc juj 10 jjuJI ol Lcj • -^~r- J^>* J 4_jLc If Jil o y> 
. ihoy> j<i. jjj JjljjJI ol djj>-!l ^ loLzcl 

iJlj^^S' U>l^s- Shi ( oUjj^^Ij O^U>^il (JUajl) J I dlllftj 

Sii tu> _j . o^Usjil tfJ ^JuJ l^-LLo I^jJl. (jli ( ^jSCjUlJI ) (jS'LJI l jL j> 4SGl 
. JU j _ iJU- til ,V ^ J>l Lij t3>^" 

j dJ^Lo iX<9 (Jx 6^^"- ioliJI <«-;j^l J_j*aill jj J^ajJI lift jj 

^U^ll ,j Jjij JjloJl Cj 1 Ja.a.7... I (j I t>* rvt-^JI i^^J • J O^JUil 

(J I L^l^ljJ (.^r-jL*. liij t I* It^j ojJliw oljolj' jJ^j 1^:1 "ilj t 4 U . ... . 5 y»Ui 
J$~. Vi^^ O^Ls^il ii-U-. ij^*^L; ti^^l ^r^'-J' Cr*J • J^'^-" J-vaaJI 

. I^j' L^li'L* cJ: jjJI LaJLI iJ^Jj 

J^s^JJ SJU-IjJI iiLdl ^--ij 4 SJU- Jl 4jLiiaJ| oL=t^JI J^aJ 

i^lll o^AsLs 6l (Jl ->>»j tiUi vr-J • 4^-^^ ( -'^' Cr* S 1 ^ - * jL ^ L ~' 

iJU- J iS'jJ-l j O^I-J ^Ij t i_«i^J ol (--J^ I jJl Aata.'U j 



OS 



yl J>i!l c5>i <^U^j • 1W 1 H" 1 <-^ b E = °^ 

. hSLj\S*» <-9j^-k C-^- 0>^o L«J_Lt pUaiJI (J -VftJ- 1 4jjLjU 4 a \r> ' . » J5Lij 

Gauss' law ^jlS" O^lS 2-6 

^L* J..C jl^Ul JUJJ iji>»*.JI i^jil J-»l£> 

jjl ii^bJI sJLa (jtiL:- O^lj ■ rJa-JI Whilst jJI 4-JLSCJ1 4j_sd!lj Jii* 

E(r) = ^^ (2-21) 

c kJlS') jLl. ^k. J* JUI I Jul iSjJi ^^kJI J-lfcdl Jl^LJ 

: J^scL- c ( q ai^UL Ja^ (iJJI 2-2 J5LUI j o^Jil 




(2-22) 



J-e^l iii j iuilj i. hi i i>i^ ji" 2-2 J£ill 



. r J_c da i^-LJll j-aSs. ,li'i,„* Jlc (r/ r).n da i-_»SCJI 

* 2 
l^^ji (jJI d ft <U— I 4_j j i J,J I ^«a4- T <U*5CJI ^Jx- Jai— il <U-L»^ ^...laTij 

is-LJI j^rl 4^l_jJ.I iu— 41 *jjI_>J1 ol T2-3) JSLUI • da ij-Lil 

cSj^SGl ^la-JI J-t (5 JJI da i^-Lil l_jj (jJI U-ij ^jljJI da 




da is-UJJ Sf»-I_jll ojljjl oLJ- SjicL. iU—^S" S li^S" jwL. 2-3 J£i)l 



f E • n da = j^—iw = -2- (2-23) 

(CwSJI i^-L^j Sj Jj"ii ^vJLlI is-L-. i <^«~i J I ^Ja-JI lift j<wju ^J>"i . S 

S, ^JxJ! J* f liil 3 >JI .Ltl ^ . (2-4) JS^JI j^y,^ 

IjW S 2 ^LJI J* fliil iy^i) <^o- i q Ju*J| eU^I <J| jUj 

<! jsJa-Jl J^lSCiL) S 2 j S j j^L^il (jii* ^ JS 1 it«L 0>£i liij . q 
J£)l ,>ISCJI <^ J\ tjaja If. Syli^l j i-i'LjL.j, jl-Lill j ijLi.' 

i^JL j^uil ^kJI lil ajT '^Lj ol Lu50: dUJuj . jLiil ^kJJ 

tjU jl^l JUJJ *j J>w JI iJ^lJ Cj3t kJI J^lScJI SjaiJI 

gr*kjl J*1£JI ^al Jiiil ^JxJI £jU q i^UI o**j lil LI . q/«o 

. I jJU0 

tfV 



. q o>±J) ale 



eU-^ (2-5) j iLJll ilJ,L utf lil ^ Jj 0^ U* 





(a) (b) 

5 J£UI 



^ fr(# iUI JU^JI JUI JSju* < Qn ' • • • ' 02 ' Qi (/ 

J5li;";L^ JS" 1/ • (2-8) ibLil ^ Jj^l o=JJ L,L* oU^UI »A* 
: j^l J I (2-23) ikUl Jj£ IJuLj .4" UjjJ JUT w 



9 E • n da = — T) ?<■ 



(2-24) 



OA 



jyll J^aZil cr ^UI gj^JI JU-I j i^lJI oi* iJLtj 

^jJI ^ 01 J^^ 1 JM ^J^ 1 gpJa-JI J-^ 1 £^ 

(^JaJI ■ J-l&JI ^is- iSjj- CijJI ^-Jl 

j^b ji: ^Ij ^yJl lJu» cy j^>^\ J5CJI 

^j^JI ^ iu* ciJJI Jliil ^kJI S 6 1 lili ■ 

: LoJ ^lJ V 

j> E-nda = j- J pdv. (2-25) 
yjU cy <3jv-Jl M-l • ctj^ Ojil* (2-25) j (2-24) oUjWI <-»j«"j 

^ s ^lji ju^sai ji^jj ^ii j*iss ^oUii 

: ol J* ( 1-37 ibUll) j*LJI hj± 
ji F • n da = j div F dv . 

JUJJ i^JJ C5 = t kJl J^l^Jl J* Sj>JI 

^ E • n rfa = j v div E rfc, (2-26) 
: ^ (2-25) ibUI j ^kJI J-'S^JI o* iil^L, 

/ div E rfv = — / p A'. (2-27) 
Jv to Jv 

j l^Julsi v^ 1 ^ 1 i^^ 1 ■ y ^ oi (i-^ 1 -v^ 1 Jj^i 

ii^UI oi* j\i Sii *L>j . (2-27) ibUil 

divE = -^P- (2-28) 



Application of Gauss' law. : ^jlS" (jj-iU' flju?«I*il 2-7 

e j* ^ £ ^j 1 ^ cjj! ji^-H j\ (2—28) itaUil o»j 

iJlj^^Ol j i^LVI iJLoliJI oViU.il (y Sjo-lj _ ^I^JI J^aiJI j 
c_j^L«l jjijj (j ojytaj ojjb (J- ; ^^-' • 4 J,»r- Lajl <J (j-j^" 

Sji^il oHlil j jb^l JUI ( c5>i ^U^j • JSWI 

. a^J-lj *L*JI ^ jj^SOl SS's j^cj ( ciJLlll 



Part of long 
line charge 




jLl^-l ' IjjLj^^-JI J LA I ij IwluLa l^J^" 0>j^' U^^-J 

Jslii £>-*4- "U^ii Cjli 4_Jlc ja JL^oD C—^r — ^ ■■■ 

<Jaj- <LLst^ ij- JUJ.1 J^.— • I J J ^ 9 ^-"-^ <j^-> ul J I ^rki..ll 

,ju-» 1(5" J^JaJI oJi^-^J A L»jji A^wLstt; iiUS' oli l-b>- dJb _jJ» 

V 



0^~> Jjjdl jb^^jSOl JUI (jl <J I >^ 5JU- 1 oJ* j J5\sJI oj • (2-6) 

^ olk*-}UI oift J I bLU-lj . iJail LavUI J^=- tij^' 0"* 

J5CUI j \$'{%\ jUI ^kJI jL^I ^ jLjrf&l JUI 

(2-6) 

(j^J-ill ^ 1? U (jL»j>--- JU (jLo^jljJI Ljo 1 ,} .' II . ^ h, 11 1 1 IJL* (J—^ i3 ^— > 

y dlli < 2 II rlE r cSjW j I yW ~kJI t>* t3 1>1»— *_>4-l 

1* " t 

Ju_LUj . (jlyu-"}!! „i II ji>ll AaIjw jjij Li-ljui 0>5>1; E JUI ijl 

: J^l J5C-UI (j-jl^ oy{* i*-t> 

= — • (2-29) 
e o 

^ ^Ul jt._*£JI JUI jUJj ibLil do* ulSC% o^lj 

(2-8) ibLJJ ^Lil r L»^l (2-4) ,> J\ ^ \s 3 

ij t^-J^ u^^ 1 ' V-^ <3-*Jl JJ-^' LJ ^v^L-- JlJjUcj t l^'li i^zJI ^U. . ... 

• u"y^* J5wj > Ll»J I jvj ^jj JJ. I j Uai?- 1 

J^s^« l^i-oJr (JjJI 4.*^ *■ II jjl ^y (^rj^" (j^l-^l CS^"I ist-Jlj 

JUI Ol (2-5) jllJI j Ljlj jiJ . tyrjU-l **k- 

* * c "- 

jl5" UJa— a* tj^ Lju-^jj . jj^o^il rf^i-l <J^ J ^^^4^-^ 

ft * t 

pjaJi (Wji Ijji-ij.^ ^jLj (J-»jLI Ji-b fytj* J*] jjv. ^Ijl) jjjjl 

. J-ajJJ (ji^iJ-l 7.L.-II ^ \^>r (_-;^i!l (2-7) J5C.JI j y^il S ^jlSGl 

. I —I- II IJiA Jj-lj "Ul^lll JU-I A.« . . la 1 Uajl Ll*j 

^£Ll J^o^il j^—J-l y 4— U ^fil-J ^p- ilst-llJ dJjjiil O^j-^JI tj^lll 0^-9 

ijl A^tli^ XJi Ja~«aJljj iS^y T. J^" 3^^-4^-11 JUI ijl 

J^>il jJa- ljI y ^Jj s-r— j • J-^ 5 ^' J-^ ^->>»^ 



Conductor 



uyw J-fj^ ^— Jj»-I^ ^yj* iS*3^ 2-7 <JS*-£jl 



^k- Jx- 3yiZ~il Oa^UI u'\ Jo jjui . j E = — grad [7 o'j ' ^4"l (ijLjL. 
(J^-LT'J^'ujj^ UiJ»ljl_j. ff ijLsciJJ LpJa.JI ii\iS3\ aJVjj oUauw J-ojl) jv-jJI 

i (2-8) J5li.ll j S ^J»,„ll y»_5 4 ^1 yil <LU iL^ ^ ,3^" 




2J= 

e 



(2-31) 



The electric dipole JU^£)I <_Jsi)l JUS 2-8 

cJaill J US ^ p^UI j JU^jSOl JUI i-ljJ LJCfj . Sjiiys isL* 

yi <>>! • (2-4) j (2-3) ^jllJI j oj/JW o^Ui ^ s^lii-'JlL 

ikij xlc JL^SOI JUf I jU-I luSCi ij-u_c . (2-9) JSlU 

oIa> jlLc jL^rfSCJI JUI • r ilaJI oJLb t j&Jj ' (2-8) ii^UI flji^z-Ul. 

: (5jUo ^JaiJI 




C-jli" ^ t_Jaiil JUS ^ f^Ul JU^SOI JUJJ A»^^> o«J ibLil oUA_j 

<_JaiJI JUS >ts iUJI JUt y» U-^-L. oj • * i*Udl i«<Jj q i^JI 
IJlAj . r-r'juJl j-» iijlilU i 4-^*2- 0? J-^UJI j*JI 6_j5Cj (iill 

li* J 3 Uju~, . Jaii ^^11 jJ> jJ-\ *tulj (2-32) ibUI <iii U*-* 

f lill lj* i*U- IjA • U J/^I f 1 ^ Vr-* (2-32)£)^Ui\ ciU 



|r - r' - 1\- 3 = [(r - r') 2 - 2(r - f) ■ I + l 2 ]~ 3/2 

_ , r _ _ 8fr-«o-i + _i!_r" 

~ 1 1 L |r - r'|2 + |r - r'|»J 
-^J -0^1 iS* Jl^l Sji^-Sll SJjUI ~li J«J! ^ o^lj 



-r'- r 3=| r _ rr 3( 1+ 3|^£ri + ...j ( 



(2-33) 



ihW ^ (2-33) iiaUl Jl^L, . * 2 ^1 jjjJ-l UL*1 lil 

Jaai ' <L-~JL <Ja^- ^ y^JI ijjJ-\ *li ikili! £. (2-32) 

: £^ 

E(r) = ifelnr^TF (r ~ T>) - ir=hn» + "f ' (2 - 34) 

>_Jai J Li ^ f^UI JL^I JUI ^ *>U t*Ui ^J**; ibUI ooa, 

<• *• •* ^ 

. ^, ' . ' - ' --> r .M. J I tjo (J-^UJl On_J\ Lj L„m*Lj i w-Ujj C5*j-I'j IjJ^ (J L) 

(jftJjU UJ&J ijlill • * -uJJ i^-JL Lk»- u>So CSiJI 

4j IJ ^ 3 c 1 yU> (jiaiJI i_JaiJ! j Ltl Ox^JI 0>^i • (J**^\ <-.J»i»Jl 

Lie cij^ f>JI I Jl» _j . ^Juj: (3JJI j»_>jJL LAS' jlxj 4 *U»iJl j jIjcl*I 

: c5_)Lj (^JJI i_Ja5.ll 



(2-35) 



: iS^ ii^JI (2-34) ibUI J^-t oJ^I JU3 r > iMjb, 
E « = I^f^r^ - ^) - i^ppl • < 2 -36) 

444-1 LjLu. Ujljuil yjJI aJUI ^ tt^JL) oU] . Uyl ^ 

J* (2-15) ibUI J^lSlI ^ JU LI J*, . (2-36) ibUU ^Jl 

• <0i- i * s 4_sL^ 1^4!^ ^ r. Ja5.i qu^Lstl, ^ o^Cil LJ ^ t lII £jj^JI 4_IL>- 

^ ibUI (2-32) ibUI j slLi! j^l r l_^t,_, 

: (ytj 4JLU oJia J j^4-l 

C/(r) = A [ |r - r' - t| - 1T=-?|] • ( 2 - 37 ) 

aJjUII uli « Jaii » -wJJ wJL ^1 oil f UbJ ^ (2-32) iJ^l^JJ j/^l 

: J^ll J5^JI J I J_,j^ (2-37) 

t (2-34) ibLil j 1^ ^j^JI ^ 4*-jjJI J I 4jww5 aJjUI oJu, juJj 

: j^tf f ^JI iJ^ l^btf J^iiSlI j>.j < T ^ (2-38) 

( > 47re |r - r'|3 ( 2 ~ 39 ) 



. (2-36) ii>Ul* y» 1/ iJ^l Jill! JL^JI JUI jUI ^ o^Ll 
j L-llc Jlj^Jl <_Jaill -JLH 4_ul50l ii'LLJI jji ol tSUiS" ^il ^ 3 

^44-1 ilb aJ^jj CS L« JL^S" JU j r + / 4,Ja5;.H +q i^Ulj r 4L5JI 
: £«aJ i_J»sJI JLU 4^.1501 islkll oli t U ext (r) 



W = -qUUi) + qU e «(T + I). (2-40) 

U ext (r+i) iJIJI <£U ^CSl c r £• fcjlilL j cJtf lilj 

f/«t(r + = C/extW + / • grad t/« t , (2-41) 

: ^Lo (2-40) ibUi j 
= g/ • grad t/ OTt . (2-42) 

: f>JI il^JlJ iliLil oi* iLllS" (jSo: ^jlaijl (_J»iJI JLD AjUJI i^-L_j 

W(r) = p-gradt^t, (2-43) 

O^S~. (2-43) ibl«c»D aLjJI ii— »aJI <jL» ' <UL ojliL ^j^LjbL-jj^JI Oji-I 

W(r) = -p • E cxt (r). (2-44) 

^ jU- JU j p <_J»ill JUJ i^l&l iiUJI gjft 6i] »i* 

. jLJI j^j^. jlu E ext (r) JJIjJI i_— ^ e^a- t E ex t 

^Ul yXJU-j^JI 0*4-1 ^ ' jyu- (2-39) j (2-38) j (2-37) o^UiU 
AiLLJl jyJ l^ji (2-43) J I (2-40) ^ oU^UI LI, . U^Jl JLS ^ 

,jL\j ^w^Slil (ju^jx-UI j^e. cS^p-l oLj>ti *(_£-lj JUi I • U ext (r) 

j l+iiiL. ^Ja^-J ^ ^Ij ijljjl oU'Lkllj iJlJJI <3yiJI Ix ikJ^J 

jyUJl ^ i^UI i~.bCJI iilkJI oi Jfc-^ f j ■ li» 

Jj ^ JLUI J* s ^Ll c5^iJI ^ *Jlf iJ^JI JUU 

t SJis-Ij ciy (i^^J-l (iO *iL.LojJI ji* j (i^iJI (ill: . 



. aJLJLI oi* J^»- (5>>-l oljLjLcj iiUj^ ajjj^o (i^j^J 

: iJL^Jl o^UJJ oUdftl jjuu- d^Si. 2-9 
Multipole expansion of electric fields 

* 6 * * 

£j^J L»l_j»- 6 1 L-. la a l l jLj j»j,*J o}UI j j^Jtil' (-Aj^njJI ^ ^Jaj 

tr 1 -^ f-O.r-' JLlj r>* *j j*i <jl (Sjjj^*i\ r** liAj • jb^SUl 

ii-L- nLUjL. li,^ ul o* "^J • ^ j^j o" u 5 ^ </r^ 

JO* J,., la. J j . ^LLcJ j^jsii g)y jjfi. >(_5^t> ^-jL-.j^' 0^4- lax-* JJ^JU 

. jjU-JJ J-^l ikaJ SjjUl iikdl j Lj»i \*jjy i^-L- i-A^^il 
J^-Ij Ijj-o* (_^«-lJI £<j>JI J*^ ul y>j !>-! I-U" LjI 1^ 

4i»Zj £• <L> jlilb I jiJWJ ^Jaill <_i.*aj (jl ' I* j-^i ' »-/ t'' a ^5" 

4jcjJ.L ijj-j ^jixlll jjjyJl Jj-I-J °J>* a ? i»-U . Ul^jJ 

ikij JJ^ I/" . p (rO ikijl oJa JLLft ils»JI iiUS* ul u^^J ' r ' 

jllp a«4-l JJb o! . (2-10) J5CUI j o^r* >* 1/ «" '^L iJl^ll 

: ii^UL slk« r ' ikiJI 




ju^sai jui ub- ->u« • PW i»j- ^ ^ v i -~ tJI ^ 2-10 -^ Jl 

- . r j*JI 



dv 



<L_9 I ^Jil J^UjJ <u-jJL oLio^ij (3-*JI j~JLJI J I I^Lji—lj . L^_^-L AJjeJJI aL>u1j 



= (r z - 2r • r' + r' 2 ) 



2r- r' 



113 
+ 2 2 2 



[ ] 2 + 



(2-46) 



A^Jsl^^L ^^--o Lfj . Jj- JSClj Jaii Jj^l Aj^lll JjJlJ- I jflk'l (iwJ» 

^ <J ^ i i (2r'r/r 2 ) £. aJjIl. (r7r) 2 JL»I i^liCl ^ ^^Jl J* 

cijj- i (2—46) aLUJ.1 l}\jiJLm.\jj . ly^jji (_^u 1 4_jLi]| it^il 

JjjJ i pi ^Jl lift ^ ^1 <_s I jl 3 icy y r <jJ' j jJ- 1 

: j^l (}\ (2-45) ibUl 



f/(r) 



= JL M i 

4ire Jv' [r 



^ r3 ^ 2 



3(r • r') 2 r' : 



+ ■ ■ ■ \p(r')dv'. (2-47) 



, r'p(r') <fo' 



= 4^{^//^ dl "+^7/ ] 
«=i y=i ^ v 



j x'i j r ^uxl AJyLUIj iJ^I ol_< ^il J! Xj 5 Xj > ^ il 



c :::! 



"\A 



<ul ibLil j J^l J^lSoJI . (2-48) ibUI 

i^JLJI oJlS' ^ Ui LLo ol (iJJI ^J-l Jjj: Jj^l jilj t jLJlSCJ I i^JI 

c & " 

cIa^- 1 eta-^' lt* 3 J^" 1 • iIa-"^^"-^^ (_yijjL-lil jii .',11 (j<-'.'Jje,^JJ 

y» (2-48) ibUU ^ jlUI jj-lj . l^-li i>^JI ol^-y tyij^^JI ^.Jot o\ 

CU)^ 1^1 W O Lj ! Jjt- "}! I ,J*«I 4jaij ^.ii.V...,,^ ^Ist^JI i_ . U? ^ Ll5 

r'^^jJtL jj-J-I |»LkJI i_— > l^.i.aj iJaiJJj i r' 4^jJ,L ^jJlII ^LkJI j 

r' = r" + R. (2-49) 

: ii^Jl ^Jkiil fliiJI i_jalll jU ^ i^-L IJuL_3 

p = r'p(r') <fo' = I (r" + R)p(r') A' = ^ r"p cfo' + RQ, (2-50) 

. o'ilcl J j^S"Jdl (jaJI hxL~o C~-1j U IjAj 

: j S'tf ■obi' ^ (2-48) ibUI ^ oJUl jJ-Ij 

2 = 1 J = l 



Q<y = / k , (Zx'ix'j - 3,yr' 2 )p(r') rfy'. (2-52) 

. 3 j 2 j 1 (5^1 — i ^Jl t j j i ^JiJ i^-Ui« Q y "UaSCLI oL^^i ^-J dJL* 



Jiij i quadrupole moment tensor *t_J»iJI ^Ij 

J»UJ-I iiiLi Jxl Oli fj> <£J U-B. (JU-I A*;-JajJ • <_J»iJI JLj 

olki^l Sjj*^ ol ■ (2-48) ibUil <iU ju* iJUl ^V 1 oii J J Jbl1 J* 
t (2-48) ibUI jui l<u->- < iJLj^Jl cjlki^l e^jj^i* J,«« •;..„ i j _) 



V. 



. 1 [kyL CyJ*^ ULc q 4jLj*i,j m J5" iLS" uLi>»«-l« oU-jt 2-1 

. Jy'LJI £. JS" l^Lau jdl AjjIjrJI -^r 

<CLa»ii J-«-^- (Jj"^ Sj^Ul 4 O^jt* uW^.j-* O^Ji**^ olj^ 2—2 

1^ a^r . -0.5 x 10" 9 coul iJ^'j 2.0xl0~ 9 coul Ujji 
^ s j5CJl <^oj£)l csj^-J «^ li] • 4cm ojji j*j olj?£j 

? SjiJIU ( 4 cm jju 
< 3 x 10" 9 coul l*^. J5" i^i. i <J»ii oLs^i. o**ij 2-3 
JL^II JUI .US J 

. ^j^il ^iLUI (j5"jJI jjx 

^ I^IaJ 4 ^ la r ; < ii US' i CjLsi-1)I <j* J^kll Jl^ Ja>- 2-4 

ikii Olc jLj4$Dl JUI j^Ull J-wJlJ . J^kll iJ*.)} 

. Jai I (ji r JUuj 

^LsJau- iiUS' oli i-Lsti- J*j£ R o jJai ji (l) 2-5 

(J* ihlj JJ~C- (jU^^Slll JUI JL»- . A^-LJll iJjyji O X^l.o.Ji 4.» k> .', » 

(5^jli (^l^la*.! ^u3- ( V ) ■ U° t£y~Mj> Z o jji Jju (J-tj (_fO 

J*j£ ^-4- 1 (jl lili . Z j^i <Ljl^« ojyAi L, AiUjjlj R » ^Jai i . a ,<i.'i 

olj P (z) = P + z iJljJI ,3sj sILm A.h:;. jvi i^a- iiLii" oli <ixl 

4_Jaij A^sti o^jjil sjiJl JU>- t l_jja— "ill ^v-«4-' j£ y -*-^ c - £p J^T" >M AJaij 

. ijl^Lua^l 'j£ jj> JLLc <Lcyj»j^ q 
4-fc J3-4 Q Iftjji <Lj*i. J*j£ R U L-i-aj "&*OyA *JJj^ o jJ£ 2-6 

( O ) j a jJ£i\ Jj>-1 J ( I ) j KJlS i]aXi Jut • ^' k" ' - 

. j^lLJkl (J-«l5wJI U . L-ie,'.'.u.,» jJLijl 

J~Lf-j J-^Ml i]aAi J^i 0^ £ ->*^>* \~ q J — q U^J"j tjiZLsJ* 2—7 
^w^jj X jy£ 4*i!_5 ilaii Aj I JLLc . C^jj^JI (a, 0, 0) ikijl 

jXi, JjUI (>>JI j (U = 0) o^J-l (ijLj ^Jx- ot cuul 2-8 
ilyb j R o ^jai oLaj ^li (5^jIj jljja—l J5li, ( ,k :,..•» (j^i ^j>i 2-9 

. P (5jLj ila«iJJ it^"^ *»^ll 6l cJt til gjj^' 



* " " " c 

IS" lil 2-11 

o ^ <ulp <_Ioj£ J-*' ^ ' 3xl0 6 v/m cijLJ (<JIa 

? 10 cm U ^k* L-Lvoj *Jj3« ii*9jji 

2-12 

w> j^l 5 _^JI ^k- <S^ <-i^UJI J j 1^531 JUI o\ (i* lij 2-13 
pUjjl jlu- 20 v/ m (ijLj ajIj 4 JjL-^I ^ 200 v/m L;^ <5jLj 

ii LIS' Ja-^jZ. ta' 4 Usjl (Jju-^I yj- ajilfjj (_^J^I jJa- tj* 1400ttl ojJlii 

ol (Jj>j ? 1400m (j* Ji> ^Lujl jlLp j^i 5 jSCU is^\ cJ^UJt j i^JJI 
lili t d iil^a ^ lo?- 6^Uo^« 2-14 

L*L»I oIjJ^j i>i_}jk# ^.'.'■j-L^« tj^J os?j'>--^' (ju_j^lil (jUv^^il (_^>-^lJI 

j]iu\ _ iiu-Jl* ^jt-lo J5ll)l IJy (_^J^jj 4 (3 J^slill _ujl ^ AjjLilLj o j-wi' 

4 ^ijyJI J,^ j-« qs- r a«JJ iJb isliS' t5j gjy 2-15 

^ 4 oUjI j'sLUu. 1/ ^ iiU53l ilb o\ o-1p lili . P=P(r) ol 

= o. UU U(r) ( _ s SCJb— _3j45lll j^Jl) _^u*j 

< r < R J^Sl ."ijlji. Jif A .ijl it P = A/ r - \ 

r > R JuJlJ ^ = 
< r < « ^JJ IjljjU cijLJ iil^il Ol (il P = P - ^ 

> « JuJd P = 



vr 



oJa-JI JUS & ^Ul j^I ^ SjyJil (2-39) *J,_il 2-16 

0>l ^ . i_J_iJI ^ Lz.j J$ Ji^i I Cij^-»j' j>-^—~J — aiaj 1 ' P 

^,^J _Ju<ay jJI 4j___JI (J^nJl^l . (Jv'^ll ikij JJ.C- i_ < I) ii II L— J->^>? 

(2-1) <J5C_JI £• *=*^-JI uj^ • *-eL;^£JI 5>ill __y. 

jl^S JU p ^ jl_ s_,Uil s^ill ol c-JI (l) 2-17 

J 1 ^ J* jljj-JI c>JI -I oJI (o) . p. VE exl tijLo E ext 

: cijLu J Li I Ii*, j (_JaiJI 

T = r X [ P • VEext] + P X Eext, 

ijljJ-JI j*_)*JI tjfr*^ <— ■ >iiaj (_$-!! A la ii : 1 1 i_J— — I U.J Juo <_*J_i J^i T 1 jj 

!>>JI i_-L_~ 1_j_5Ila.il i__uJI Ju_uj^ __jJlj 1 pxE est • 
jL_ J_. turning couple oljj-JI : ' j'jj-^' 

U(r) j^JJ LL_ _> (0, 0, -1) j (0, 0, 1) 

,j -X^i"' (5jL~j ^_jJa_J ILki* ^jl . I T I » 1 U0L0I ij J^Ci jjJI JsUjJI Jt_t 

. X, Z l£ y' "ill 

^j^JJ quadrupole moment tensor <_Ja-Jl f>- jcjtU 2-19 



vr 



SOLUTION OF ELECTROSTATIC PROBLEMS 



i jLj^l JUIj jUJ ^SCc t lajjt (^^1 £_^l 

E (r) = -i- /" &=J->i 
* w 4re 7 |r - r'| 

} lili . £>JI li» ^ o-J ^ JU.I jilj j JSUI ^ I ^ 
(jU^tSOl JUI j^*; a l (ijj^ill 4>» £--a> Jii* 1 LL. (^^^Jl ^jjlll 

i_jL j^^S j_i « JL_Lil J___ . ^^Jl' j-jjyJI ^ ol J-J 

. ilLjJ J-KJl JJ-I >^ jJL. <ci^. ,11c 



(3-D 
(3-2) 



(jJI JjL.il J-k^ J^aill IJlA . U Jl^J-I oL«j|IZ^o £• Jjol.'i ^jJI cr -L- ^ I 



Poisson's equation <tal<" 3-1 

divE = ~p. (3-3) 



= - grad (7. (3,4) 
: J* (3-4) (3-3) yubUil ^.ju, 



div grad U = - (3-5a) 



V - V °>j J .A^ J-^L; J-Lc LI J.^ div grad L^sOU ^Ci; f ^il o-«j 
: ID . Laplacian oL-,^ IJL» 3 . V 2 j\ 



V 2 U = - f • (3-5b) 



jiS"^ ^UsUj' v 2 J.* U.J I _j . d^'jiy, itaL* iLL. (3-5b) 

i_s ^xj' liU" LL- <*-o_)j^ aJu^Uj <DjL»-» OjJ>j>; 4JjL« juj IJiij . jul>j> iy 

. i^LU ajjJ-l i>jj^j p(x, y, z) SJIjJI 

f Lkj J I cilid^lj ^Ldlj jl^l L t*Ui j ^L v 2 J-Ulj 

L*lc 4. : .,.. » 4JL~« Jj>- L\x_-^j ^-v2j (_^3j . oLjIjj"-^!! 4 . U ; I ^ t 



jL^-l . ~JI . . . /\ r, , 4> /\ x, y, z oLJIj^^I aJ^jj v 2 

L—Lil i^ljl jijlxdl J\,*^-Lj jlsLJI jl^ ^ t j I U i^-b oL> 

- : SjuUzil oLjIjis-^I (ji j 
„ 2rr d 2 ?7 , d 2 U . d 2 U " 

v ^a^+a^+ap- (3_6) 

_ 2r . i a ( a du\ , i a ( . fl dtA,_i a 2 t/ „ 
v 17 = 75 a7 V *7 + ^9 aA sm0 W + WWW (3 " 7) 

rar\ dr ) ^ r 2 d8 2 ^ dz 2 ^ 8; 

V .... ^ 1^, ^ 

r yl il . (3-8) j (3-7) 
.11 j iil^k-^l ^ ao^JI iiLil Jit r 6li 



Laplace's equation ibl** 3-2 



VV 



4.;.^ I oi» . iipt-lll iiLiS" (^.^ Uju* ii^ J I Jjjj oj'jiy ibl*<« 

: <^*j y^;^ italic |<w»L ciyu 

V 2 tf = 0, (3-9) 
U N ..., Ujj, Uj ojJi* c-jIS U-^ J^J ( *- 9 «~* o-i* 

^jU- (jJl£J1 *LiiJI j i>UJI j-J^ Juc O^i-I jlatl y* iJLil_j . 4-~J/tJI 

u n j u i e ^ yjU ^ °^ <2Ui j^ 1 °v> Jl1 

ji iLUl £^JI li* ^ 5>U- ul • i-^lt o^U^il c> k- J* U N .... 3 

^ J*e>» iLU-ljJI iikuJ^ 0^ J <^-» *^Jj • ( 2-7 JUJI 

. ^15" ilLil «i» Js- j*j liAj . ojU J^sr oli AaL:« 

oLHj».I r LLj i^U- J>U ^ (3-9) ibUJJ r U J> j Jj'jl 

P TT " t * + 

:1 if^kJI 

: oU ^U'^y. U M U 2J ....U n oiif' lil 

C7 = + C 2 f/ 2 + • • • + C n U n , (3-10) 

. sjls" Lijj y-u- c j^^Ji . ii^uJJ 5u Uyi ^» 



VA 



V 2 C/ = V 2 Ci^! + v 2 c 2 e/ 2 + ■■■ + v 2 c n u n 
= CiV 2 t/, + c 2 v 2 u 2 + ■■■ + c n v*u n 

= 0. 

jo* J I jL-j . i»j^J 5lk»ll i*>^AI Ji* ^Ul JJ-1 iii>u 



: ( al^iiHl II 

\^J6 JjoJ-l J»jj«i (jUijt t >.JJJI Lr^^ ibl** J«Jb- ^ yda- (5 1 u] 

. JSH\ J* ^UT ouli, I^Jb-f uiJL3& 

^jJa,.,.,ll £TJ^>" V Q L4*Jt.»- 4jJju« 4,ii » jj-U Aj^iajJI oJt» ^y^ry 

J»^_5 . ijQl j^JI o^U^I <_ilz* r>k- Jli jpl S,, S n ,....S N 

\L ol 0^-1 »o» jtf <iU3 Jl iiU^Lj « V J^b y-iL'Jl <bUl 6^ !<* 

■^Jj^ 1 O^r*^ ■ S, Sj, Sjj,..., Sfj rjiauJI ^ ...a. i JjoJ-l J>_}jvi 

• c5* -J cr^"^ ^ J L*J. ilAil aJ^jo o.u.kj>- iJb ci O^lj 



V 2 * = V 2 ^! - V 3 '0'2 = 



: 01 ijr..^.) 



J_c l>^> jwujJ n.grad 4> d> U < dJi ^ ^Liij . V ^1 J^b 



f div (*V*) dV = ( 

JVn JS 



*T* • n tJS 

r y Js+Si+ ■■■ S N 

= 0, 



: ^uJ (1-1) JjjJ-l j (1-6) iLLil 



div (*V*) = *V 2 $ + (V*) 2 
/" (V*) 2 dF=0. 

v 2 * = 

La ^ as 0>5O IJyj 

oj^lj iLwJ oli <J> iJUl 0' ^ l-iij ■ jy^i o' o^o: ^ J>lS-JI j-^r 

^jjC. oJlS' bli . ji^J-U ik-il ^>kJI (J-tj V J^-b J»UJI ^J- 
ost«fl'l! iS, Si, . . . , Sn, ^jJxmJI J-c Uj j Uj dt^*H (iiiij oLk»> 
J* \ UuJ Lili V J^b i»iljJI J^UlJI ^ * ^-^ 

dUi/dn, j dUi/dn SJ^Oj ilk.. J» 3^ czJtS' bl U . ^kjl <iUj 

. i jjj-l '*.n = jVg J^-b J?UJI -Up I jk^o V* c-sw>V 



a*. I j j^iif cr"^^ 3-3 
Laplace's equation in one independent variable 

J I ibl~ 6 3 y < Jaii J^lj jiill iJb U c^tf bl 

": LuJ ^ IJJ c U(x) csl c x 

A. 



~dtf = and U(x) = ax + b (3-H) 
±> 3j i. b, a ^Ul jL^-l e^s- < f U! JJ-I ^ ibLil oi», 

• x j.>* Ox^y^ tjuj*^L> CA+°y u!f~^ u?. 

- 

oJb U IxJUJ JS\ JU-I 6^ ^ oUIj^I iJi^ i^l, 

<ej j5Ul oUl^^l f lk; Jij U illjJI oJK lili . J*Ii jl^Ij jJd Illj U 

OlJbJ-t. li r UI JJ.Ij iizL* J\ Uj^J < U(r) (il t Jaii r j^JU illj 

I d ( 2 dU\ n TJ , s a 

o(ijLU Oi-j--^ U^-i c U(r) (3 1 t z, 



Llkd! oUil>JI _ ojj£JI oIJIj^L ibliu J>J^ 3-4 

Solutions to Laplace's equation in spherical coordinates 
Zonal harmonics 

JlH ill j U 0^ U^t <IjU^ J^U J I L.UI **ry dJi jooj 

j I ol> JSCi jUl; LUj.- <^l JJLil ^ jyjbJIj . jy.^. ^ 

ji oLJI^^I J^_j ol Lii IJiAj t 

iiLii jjju SfjT Ixj . iijU. j^u jl*^ oLji^^i 

l^-i o>£>' jpl o^U-l J_c Uiii'L. ol J^^l 4j| 4 ijj^SCJI 

Uj-ii' ^i-JI li* ijl ^jo^ j . i_U_JI <j j I J. j I J_c i^u^u. jyi U 

L»f ^1 iJljyiJI Jj'UU ^ jilSCJI J| ^ t J5UI <j» (j^ 4_i^5 J.^ 

jtfSlI JjLil Ol iUbLlj . JJUI ^ juiil ol„JI |ju» ^ JJ.| ^ ^- 

. 1_jIiSCJI IJl* (jUaj £<U l-Uiaj 



AN 



i<-JL ( U(r, 0) (il l Jal3 oijii^i iJli U ogZ ^\Ji\ li* Jij 

iuL* iks; ^ ^JaiJI oL«a; Jii r oi i] ' ilUJJ 

(3-7) ifcUl Jl^Lj .(3-1 J£UI Jfa-'Jl) <~J>iJI ijljJI </^0 

: SJU-I oJi, iJ^I iwJI ibC J^-t 

1 a f 2 atA , 1 a f . „atA „ 




Polar 
direction 



. 4>, e, r - HS JH\ oUI^I U^ju P U»iJI ji> 3-1 J£dl 



(J-«ai " i-j _j ^101 <_jjJl«I jj^. <Lj_)J-I aJuoUzII aJjUII oO* Jp- (j .U.'.'.i»......j 

C/(r, 0) = Z(r)P(9) 

: jSl L,J ^ (3-13) ibUil j 

js p(9) * V r Tr) + OT* 59 V s " 1 9 Te ) = a (3 - 14) 

P, Z ^ JS" o'^ oliiix oJjl-i-I ju V'J^ 1 oUzlil oi J**-"* 

r 2 j Ij.jjuj U(r, 9) (3-14) ibLil 

AX 



a^>- J5" ijl yu— * diliJ . ooIj jljli « 6^I-*JI 6>^j 9,r 
. "J^aJI ^ k ul ij « k cijU (3-15) ibUI ^ 

jjJI sj^jJI JjU-Ij . Legendre's equation jjJj*-* ikl** <y "-^j 
^y* ' 71 <J I ^^aJI ^ g ji*^-*^ J-*^ c5jJl oJAjt (_^JIj V^Jfr* ^y*** 

^ry> jo* (3^1 >^ n J\ lij <k = n(n+l) jil^ jdl J>LLI dliJ 
. P n (0 ) n ^ Lu« Ljlc ^ (iaJI J^JJ > . 

j ill-behaved d > UI ik« j*; k J 6>l ^ (3-16) ibHI J>L>- 

"il ^ il t = 180° j I 0=0 

. t U,^| 

4 cos0 J L-JL. jj-J-l Sjj^. ' P n ( ) ' oj 

. Legendre polynomials jXjr'i obi^. ^«L» ioU 

<jl (3-16) ibUI ^ ^Ijj . Jj'Jll gjSlI j^r^f iJV (3-0 JjjJ-I 

: r jv^iil J.i ,jJI iJjU.il J I (j^H 

|.( r »g) = B(n+1)2) (3 _ 17) 

Jj j. Jl'yW v 1 ^ 1 J 1 J^ 1 Jrr- >J • Jrr-^V ^ ^ 

jjj^r'i Zj\j* ^S^3 ■ J-iill la* J £J jJ ''-' ^ 61 Mur Phy j Margenau 

)\ P n (x)>^L jX^-i iJjU. JjiJ- >^ l-v.J ■ x = e° s « J^>»^ Sjl * 

. P (cos ) 
n 

^ J:L_.ji . k c^tUJ ^ oli (3-16) iJjUOJ J>U f lA=^-l jS^ ij^iJI oi» jiy 



AT 



: ^ 05^— CA^ <4L* ul ^ (3-17) ibUI J-Lj . ^jUI 



-tn+l) 



Z„ = r" and Z n = r 
U n (r, 9) = Z n (r) X P.W, 

chilli oUjLj (3-15) ibUil j <^Jij cji> J» jvi yn li* j . n J 

. n(n +1) y»j 

^ zonal harmonics 

[/„ = r"F„(9) or (/„ = r- ( " +1> P„(fl), (3-18) 



3-1 JjjJ-I 

3, 2, 1, tijU jJI n ^i) jJ-L^ jjop- oIjoaL* 



M 







1 




1 


cos 8 




2 


i (3 cos 2 - 


1) 


3 


\ (5 cos 3 9 — 


3 cos 0) 



n j (3-1) JjjJ- 1 j is- jA\ JjjJ-l Obj*^. (>• oJia-lj JL«J P n (#) <jl jj 



At 



: n k". - jLj^ Jl# J iLay> oj£ 3-5 
Conducting sphere in a uniform electric field 

J^j (jSGj c ,^11 J^^Jl J^ 1 <j] • E (Ji^- 

tjJJI J^ll ^k-. ^ ^ ^^Lil J*/ 4i>j JUI jii^- 4^i s^l 

J^l 4L2U l^j « (Z j>l »Ul) o\+% Jv/^l j olS" (Jizdl 

S. r,,.. II ijjl^jl %^ of^ J*i-I 6l "j* j lPW 1 

. l.ii,:. oLiil^lJ <^~£ ji^JI ^ 1/ t 4JU-I sis. j <t> 

SJjUi jUI ilSwilj . U c$jLo Sj&l »oa J4=r olj ' a (ijLo 

: J^l 4^1^ ^SCx JJ-I IJUj . ;>J1 y£ W SJL-JI 

£/(r, 9) = ^! + CV -1 + A 2 r cos 6 

+ C 2 r -2 cos 9 + \ A s r 2 (3 cos 2 fl — 1) 

+ i C 3 r- 3 (3 cos 2 - 1) + • . • , (3_i9) 

0>£j r JU-U Sj^iCjl jftill JLltj . OjI_jj (_)1c C j A (J^s-'jl (jl il 

J-^j J-i 4Jlc ijjliilj ^Ll^> JU^JI JUI j J^>U-I 

: IJJ i ( ,la7;ll jL^^jOl JUI iL^ 6>5o liij 4 <J iL^^il 3 jSCJI 



[E(r, = E = Eok, 

[U(r, 0)] r _ M = -Eqz + constant, 

= — E r cos 9 + constant. 



(3-20) 



Ol ijw, « r J s^Xil oUUI jlU (3-20) j (3-19) oUjUI ^ 

A (J^J-L Li j^^j (jp! (S ojI^I oj 1/ . A 2 = -E : 0.J& 

. I ji.^ O^^Cj Ol (J-cli A 3 lt» *\-£~>\ 

UUi jJjj C,r ' oJ-lj 

^^Lil ^ a **' J-^-C-j . I yi^o C 1 

OljJ-l Ul . <>jl_>-ll -^J-l Olj ' U = Uq : Ol Ji=>-^ij 

■ijoJ-l . ^ L*o=-l Jx^- ol LlX*^ COS 6 J_p (jlj>^r oljJJI 

_pt£ ol LAJ^i ^x* 1 j ,ja ^s.\ eJL Q-'i! y> r ciji^ (jJI 

aJjUII 1^1 1 Jjjllc- . ■- '■ ( i^3 <JL>- (j t Cj c-jl_^iJI 0* {J°s*^ Ol >* 

: jL 1/ (3-19) 

f/(r, 0) = ^ _ E r cos + C 2 r" 2 cos 6, for r > a, 
U(a,6)=U . ' (3 _ 21) 

A 1 = U _j r = a : o.j£> Ol <_,«-?-^ ' oLtil£^> J^s*!! (>ji^jJI ^JLa ol Lc j 

• C 2 = E a 3 j 

jlLc jl>^£L)l JLil oLa- Li^lt *i ji^^l ji^JI l-i* o*J 

iiUsai uU LJC: (iUiT Jj « ( 3-2 J5^JI Ji^) »UJI j J»UJI 



F - 1 dU JP 



for f > a, (3-22) 



-f =E (l+2<£)cose, 

(l-^)sine, 
o-(ff) = e E r I = 3€ S cos 6. (3-23) 



3-2 JSLiJI 



Q = o 2 I* <r(B)2ir sin B de, 
J o 



Cylindrical harmonics S^j 1 jJa^ *5J I oLSil^dl 3-6 
i s (av\, l d 2 t/ . 



AV 



ii^aJI (3-24) ibUil j^t" 



Y drX drj ~ S d6* ~ *' (S 25) 

^iCJj . sink 1/2 j cosk 1/2 J5Ll> J^U olij < U U^' 

cos fc 1/2 (« + 2ir) = cosfc 1/2 0, 
sin fc 1/2 (0 + 2t) = sin k ll2 6. 

i 2 n j (jti^ill <jo J^lSUl olju. Jti-L (jl j*j ' c5^*-l ' 

Jja^ r- i ilU-l sJLaj .6 = JLLc I^T, »,., 5.1 A-J— oj^*<aj iJljJI J.^gTii (jl 
" 2 

(J I iiUi^L U_JCx_j . ^ n jl i] 1 Jaii k = n 0>£j 

. JJJ-I <iLu 

ojj* yii . I n ,jSi jJ L i r~ n /\ r n cijLJ Y(r) JJIJI J\ <y 
J^JJ-I j^b" liAj . Y(r) = lnr jt Lis Ijloi. Y(r) aJ\jJ\ ^ ^ iJU-l 

: iJ'ill j^aJI 1 i t Jl_jJa- > i!l oLiiljlJI (J jiu Jjjlj c (^^^ itaUi L^Lkil 



1> In r, 

r B cos n$, r~ n cos nfl, 
r" sin nfl, r _n sin nO. 



l_~j>- iJl^k^l oLiil^JI t--i>> U(r,0) ji^J-I fjs- Jj^J-l ^ ^ 

. I L>JI 



AA 



: SjuUiil oLJIjb-'SlL o-ibli ihU, 3-7* 
Laplace's equation in rectangular coordinates 

/,(*) dx*^f 2 (y) dy* ~ /,(,) tfe2 ( 3_26a ) 

jljiil cr iJ UjL-. iJiLil j J» Q» JS" O^SC; (jl ciXJJJ . Jaii Z ^Iji^^J 

UJLc J^I^SC* oUJI oWiUlj . Jj^l ojUJI jlaiil y> \jj>j . k ooUJI 

^ (3-26a) ilaUl * 

+ ¥s = 0, (3-26b) 

h dy* h dx* 

\£ . y joilil jjX- ■, n r i » X jjjLllI cJLil?- iaj^L> oj^^l SJjUil ojift eu^" jij 
IJJ . — 111 AX^J u^J J-*ai OjIU UjL~. itaLU oi* (J^Ij J£" Jju>- ^^SCi 

+ m/ 2 = 0, (a _26c) 
- (* + m)fi = 0. ( 3 _26d) 

tyj (3-26d) j (3-26c) 3 (3-26b) o^UI > olSC^Lj 

: J'^l JJ-I U(x, y, z) iSloiJ i^i^l J J? U-1 

V, *) = ile"'*-* ** cos m 1 ' 2 ?/ cos k 1,2 z. (3-27) 
0- '^Iju + (k + m) 1/ ^x : iJ^I oUyJI ^ jtfl j^lj 



& Hjj sink 1/2 z 3 cosm 1/2 y ^ sinm 1/2 y 3 -(k + m) 1/2 x 



cosk 1/2 z 



^iJI ^ s.L;:. lU^x (m c-jUI jt) k oaUl JuJu ilU^JJ jjjJ-I 



U(x, y, z) = X) E ^P 9 «" <, ' 2+,J) * 1 008 P2/ cos 



jjjy iLi— dl^SCl* Ja., j> y j X oUIj^I ^ i^-L. ^ 

. z jviiJJ i^rjj iJljJ Fourier series expansion 
V- J-^ Jl>"l oi».l lil (3-27) J^LII 6] 

: ^5" ol (3-26 d) itaLil ^ • i*»-LII oia <~r>y^> 

fi(x) = aiX, \ f^x) = constant 

« (3- 26c) ibUI f 2 (y) J* J>*J-l L£x ^ . il^UI dlliJ Jj^ 

t/(x, y, «) = Aixyz + A 2 xy + A 3 yz + A 4 xz 

+ 4 8 x + A 6 y + A 7 z + A 8 , (3-28a) 

J* JJ-I IJla j;. . la" (jl^^lLj . S-jLS' LoI_jj Jlf A jJI icj^j: (jl ij 
C-J15 - lili . Sili Ul_)jj <UJ»Ui« ol^lu. U-j 0>£> (jJI aJLU 

i zx j yz j xy <3l t I <j ... a . sjuUiil oLJIj^-^I oLj^z^ ^ objj^JJ oJl» 

: J ' -a^-Ij -^ir oli l^,* ... ^ cuil^j 

t/(x, y, z) = A x xyz + A 8 . (3-2Sb) 

oL_ji_JLI (Jx ^ — U, ... U i^lll LIS" >» ^c5jW-) aZJLl* (3 JJI (j..y^\ 3 

. (3-28b) iJjULI olik. ^ ^Jl iJlo^-^l 



: r UJI JJ-Lc«J*JI Ola XJaU. * 3-8 

Laplace's equation in two dimensions. General solution 



d 2 u a 2 u 

dx* + dy* 



a 2 c/ , 3 2 t/ „ 

+ ^ = 0. (8-29a) 



tyi icj-oJ* (J I Jj^stlll ik-l^j ItaLil oiJ> fLc- Jj- ^s. Jj^aJ-l (j^C^^J 

Ol (_^>^l • Jai* (ji-l*JI oli O^U-I j iJu^l <bl»ll Ja*~~J 
£ = s + it/, ij = x — j2/, 



a 2 a 2 a 2 a 2 
ax2 + dfd^^di? 2 ' 



ai/2 aj2 1 a^aij 



V 2 t/ = 4|^-=0. (3-29b) 



V = Fj(f) + > 2 (n) = + j») + F a (x - jy), (3-30) 

: t , '^1 

^(s - jy) = Fi(x - Jv) 

: liJ 4 Ui'Jjl j (4* ^11 ,r*i \X F2 j Fj ij>cJljJI ul 
Ui = + j») + Fiix - jy) = 2 Re + 



eSjlJ a^JJ ijliJI iJustiJI 

^ « = ~j[Fi(x + jy) - Fiix - jy)] = 2 Im [F^x + jy)], 

. iLUi F(x + jy) ^ iJb ^ 

: *h£jl\ JljjJI ^ l^Ji£ LLx>- ji 3-7 
(* + iv) n = rV n », 

In {x + jy) = In r + j'0 

<y Iji^S" b.ic- ^L." iajjiaJI oi*j . «L—Uil ^J.\ ill-JI ^U-^i ^-Lj L^L-I 

^ jJI J^JlJ-I dUG _L_j_j U—?- L»ij^ jioJll (ja dU-^j ' J>U-I 

&>jk> 4j_j1LII JljjJI jUtJ ^ it^»JI o^U-l j_j . iit— 1! jjjj-l J>_,^i 
conformal mapping J I ~<ki_Jb o£z jS <3>-l 

. oJ-jLo ( oUSGl li* LjLkj JTjl* - J ) 



Electrostatic images SJLJk^»j_^£JI j^Jl 3-9 
U(x,y, z) SJUU J^r 

till; ^£ <JyaJ~\ ^ lu5u> Cj^LI ^ jy^}\ 4jL>jbj . jCl) JJ-I 



S x = rcoss : ^ ojL^^I iSLjLil l^l^'i', oLJIjo-^l; s^Udl oUlj^-JI 

. y = rsine 



ilwJJI i«j>L-. Ji< J^l&Jlj 4 t_>LJ-l lib _jl *1m i)b Jl£ U | yl i] 

LI . Jk^i-I t>.J^> j ^^-i' L^-wiXj JjJI 0}L>jil (J-^ 0->>?->U 4^>da-JI 

_ 5j_j^i!l iiu jAyr >* l-i*J ' ti>JJ& • **Jj** Ji* <_y4* ^ i)ljJI 

U 2 <^ i^U^I (3-31) ibUJJ j±H\ jJ-I Oj . i^lJI 

. (U [ + U 2 ) t>-*4=M ^j-*^ 6^ lP^ -H=M cijLJ ^k- J* (ir^ o^Lajil 

oii, i^>- j "il <Ul jiljJIj . Sjj-aJI oL»JL> U 2 «>Jjj <jJI oL»«^JI (^^JJ 

k o^U^il oik* "J^-b" 0>5li (iyiLkll L*i> LI . JU-I i»^L> ol^UI 
. Jiii i^-jlil iikdl j SJL.JJ Liaju. U = U j + U 2 -**4-l 

<y&y (3>i-"» <—> ^-oJLj ic^js^il q 4,,.t » »., J I <^tiJI <UL~» J-sti— _j 
<j\ Jo ji\ *JL,..U iL^aU^JI ^«aJI j-^>lj • ilj^laJI tiUJ JlJUS" oLj^I 

( J_c jij A., la a .' II 4Jj«^JI ijl ^ lj ' il (J- 1 - ( j; k .o (J^>il tS>-~i' 

_^iJI jf^Lj (iJJI j*4-1 6 1 . ( 3-3a JSClJI J**-^) x = d j^lJI ju^ x j>s S.I 

y> (3-31) iJjUl j iLUdl 



Ui(x, y, z) = — | — = 



47r 1 ° r 1 " 4ire V(x - d)2 + y2 + ^ 



(3-32) 



J.£ ^^O^^ ( — £ lj Q) l<* O y . t a a. i i^WJt-ij iiLjL. ilLsi i)L^ (j^l -i^- 

OyU o* >(_^LJI .^J-lj . (3-3b) J5d)l j ^ 2d 

^(j, 2/. z) = t-^ — , C3_,q>^ 

47r€ rj 4x« r 2 ^ 66 > 



JjJj Jj ' o—stj oLst-UI ^jL^ J»liJI ju* iliLiw ^3^4"^ 

^LrfsLJI iiL-oll ui^lilj j^-sjJI ^L,..ll (J.* ( jjuo ^yij-'iljj) iliU (J I 

iJUl jjj^ J,_,yi ji^ (3-33) iJjLil ol Ijij . SIX jc^JJ\ 



• (x, y, z) 



(Image) 




(z, y, *) 



to 



(b) 




(c) 



3-3 JS^JI 

i5jU rvM (X«lui.) SjiJI -M^ (-»•) ' hy^ s (v) ' 



Jix (3-33) ii^LJt uli t sju^j ibU- J>- oJl5" . U*>Sn 

— q ilstiJI LI . (ij^— il (TJ^" (jJ^l ci^' *UsaJI £t r s«*aJI 



U 2 (x, v, 2) = 



(3-34) 



j j^JH J*o>M <3_jiJil Js^li ~ a jy*t -^4-1 c^" 3 ' 5 ' (3-32) 

.,jL !> f t (3-3a) j£UI 

„ * " " * 

Llj Jju J*«>il (3>^-Jll ul L?j • (3-33) itaLJJ (_JLJI 
ibLlb <>~ jliJI JJ-lj U= J_^| JJ.I « ifcUL o^U ^ 

i^JU ^JxJI ^UlSOL -u* ^ Jl^53l JUI j ^ILii^l oi» < (3-33) 

«) = «oB.U = - 27f(d2+ q * 2 + z2)3l2 ■ (3-35) 
q£ (jJI iIL.il J**^ -*$4-l cijLJ ^Ja-j o^iJl J»^k?- (3-3c) JSllllj 

LJO, » ( 3-3b J5^JI J^) ~0f^ Oc^. 0- ii*sai iJUJJ j^I <5jLJ 

<_$ j." ..,.1 1 JuX- ^ta'a .'" 4 ^LavlJI <— 'jli^J ul ^J^l (j-* (jpl u-^'»H J^yJa^- 

ijjL^ <i>^l M^J' *-^JI u>& 1-iAj • (3-3c) j Orh- j* 1^" 

J^l£jj 1^,... a,i AjcJLJI J_^ai-I LJsLj (j^*il u-*J • (~ C[) ijyal\ <Ca«-D 

.(3-10 iJLil Jl >i») a*^L jvkJI (3-35) ifeUI 

uM ' <3_j^ LI ^JJ^ 5yu Q iJaiJI i^UI ul ^"jil u- 

JjuiJJ ^j'j-J uylj *r*—»-J ■ ^"1*-* i*^* tjli Oj£> Xll^l i-jJa_JI AjjtJLJI 

Uj . q ajaUI J_p <3ji~JI U (jJI 5>iJI cSjLo SjaJI oja ' J**JI 
IJ c L ^lil ULf yx. iliU 5y i.1 jiiL" ^ jl*^ iAiJI iu^JI ul 

: 

F = - ? grad t/ 2 , (3-3G) 
JLil u>-*j ' j>^' f>**-* l>*J tJyi—j (j^j cS^-I *JL~. i£JLaj 

Jia-'i) uOu^^ ^V-.! jf U jiUll SjJ^I iikdl j q J^^4^l 

. (3-4b) JS^JI j o^r- ^ </> j^ 1 ^L^JI j-ily uj • ( 3-4a JSdil 



q ijfciil iiiUI j^»JlI J£JI jtJUl l^mmj dUij t I ji^> o_j£j ^uiaii* 



— ?• 



' -9 



(a) (b) 
■ojl^JI jfli J>j xlc <LJuj 3-4 JSsiJI 



*Layt i>^3 ****** 3-10 

Point charge and conducting sphere 

" ■ * p 

q 4_Jaij i,L=«-L! 4^JL (JUL 1 ^ 1(5" i Jaii Jsu~u 

j<_JulJ ^LiUil oj_j-^ A— (J i i»-U-l . jk^a ojji -A^>- oli U«Ja-» 



. o _^JI J^liij - i — c j-**^ ■C^-i iSjJLj' jj^; 1 *> ; ^ <i ' J I 0>«^JI 

^ q j., kaMI ii^UI . (3-5) J5ilJl j °-^> ^-^l 

■ '"^ J J* J 



P(r, e, <t>) 




i>aJI Jit q' iJua^. kUalj q <, >rni i^i 3-5 J£dl 



l*J 3 b is Li I j^- ul Ji> ■ LJai J^l 4.Ls.o q ^jji J»ii 
q (^z^lJI ^ ^Ul j^J-I oj • a j d 5 q s^l oLXll iJIb q'ii^JI 

: cijL; P ikiJI jlLc q'j 



4xe ri 4ire r 2 



4x€ L 



+ 



Vr 2 + d 2 — 2rd cos 9 Vr 2 + 6 2 — 2r6 



cos 



1] 



(3-37) 



<e" cH; u(a> 05 * ) = -> r = a : ^ jJx- j*, 

(ijU ot U(a, 0, 0) iJIJI ^ <j| (3-37) ibUl ^ a* LSO . <t> 3 Q 
: ol ij ' b = a 2 /d : i>^Jj| lil 4JULI Jub ^ J^i^ . (o L,L 



Va 2 + 6 2 - 2ab cos 9 = ^ Vrf 2 + o 2 - 2ad cos 1 
a 



6 = 



(3-38) 



(3-39) 



iLJ'Ui.j^fll ^JtJi oLLi v /> 



. l^J^-Ji jjcouj (Jj^l oj^aJI 4_L^JI ■^i^- <j^£ (jryJiUll (Jry^-* ^r°J 

cIjJl^ (j\ Oj-^ ° ^5CJI J 0^-*"^ Q <L.->LtJI ojj*q}\ <^5e-lJI Lai 

. ( JlS J5LLj io^il! i^-l ,_jSCi dJji Ijlc l<Jj <Ljj<ll <UL*JJ jjjJ-I Jfjjvi 

: C$jL«j o^^Slll (Tjl^- JsliJI Jj_c J*4-l 

*> = is;te + £ + £] 

: (ijLj (ijjSCJl J^^il -H^rj 
d!7 



a(0, <t>) = -£ ^ 



(3-42) 



l(j « tin j jy^i\ 1 .' >■ "i 1 1 io^x- oj^aj l^-jtij £^y^> (_gJI Sji!! Jo jjjai- £«-«^_J 

<2 = 2' + 9"- (3-43) 



. (3-42) ibUU ^Lil i^l i* w jjl* ^ 

iUajJLI 5^1 r t*^L. S^jJ-l i^U-l O^U-I ^yj 

17(a) = 0, 5" = 0; 
9" = -9'- 



: SLkil <LJz^1 ob^JI 3-11 
Line charges and line images 

obJjl <>. J>UI ^ yyj^ ■ JJ^ 1 ^Ifc W 1 ^ 

u— J»- 4-ialj AjI JlLp lajla.'U oUA >( _jiUI (_sii»JJ • (3-6) JSLlll 

^=-2^^— ln ^=-2^ ln ^ (3-44) 




fV, y) 



Equipotential 
surface II 



1 Equipotential 

surface I 



3-6 J£JI 



. (jui-Jail (jo 1 1 (J I 4 Ja a \\ iya jJjLJI (jo J_3->j«J I (ji.^»-JI f 2 J ^ 1 

jljJii XjjU* (3-44) ibljdl J*j£ J^i-\ (5_jLJ £^k^ Jx. J^^aJ-l 

y» dill) PyilSQl j-ujdl uj • o,L A 
^ = M > (3-45) 

<>• -XjJ-l li_jLj ^_jja_ cjojo lij-j • OjIj jljula (J I M tijj-l joio i] 

. (3-45) yaULl 

,j _/^>U I — jAj ' (jolJai-l (juL-jt-DI <jo 4JUoLaJI iibil oA^-La <j jilj 



i^ill LJa>J (3-44) JJjLilj . J-o_j- j~k"" °0'>F SJiI*il iL^kll iJai' 

J*j J_c ^2u Jpl ilstDI ^ J5LUI ^ ^^uJI i^J-l j <~_JlI 

C5j^JI i^i-t <j l^\Sii\ iJail ioB^JI ol* l-V.-J • J^>>il (i^i-Jll ^ d ojji 

11 4_J^S3 1 i^DI ol Uajl L»j . ojj^aJI u-jJj JSlDI ^ 

. ojy*ai\ 4_Lst^JI 

* - 

'• ol o^lj • y = j x = -2d jup 4jJIj ijllll 

r? = z 2 + 2/ 2 

rS = (as + 2d) 2 + y\ 

■ J^l Jl (3-45) aJjU.1I J_j_p oljjj3*JI u^>. 

j,,! 4M 2 zd 4M 2 rf 2 

(j^ Jil M <Uji culls' lj>U . Z Aj^j I J <jljJa-»j ital»_« oOAj 

-^4"' C5j^> ^Ja— Jj^J ^ i 4^>-_^ll <u]ai-l "UjeJLilj i_j I ^Ja^ "iJ 1 c*i>la-l i 0»- 1 j 
: ikaJL _^*J lil^k-^l LI . JSllJI j qjJLI II 

_ 2M 2 rf 

1 ~ F^IP ' V = 0; ( 3 _ 47) 

(jJlj f U^U S^jJ-l JJlc JJ. LUj,; j U^l u^b 

<. ^ r ° V J\* "*\>jLJ\ iU^il iiljj^^l ^L. J^U . JJLII 



(j O^-i} ' Ij^-^ tjl'.' . lV-1-1 (jlv..'.-ae.lJI (jj^-J iiU-l oi* ijj . (jUaJull 

jwsl^JI ^ . (3-44) ibUiL ^ ci^i-il Otf Jxj iLk^L iikdl 

. Z oLilj iiL.il SAa-^j - X (ijLu ^Ja-JI J_c ii^l ilsfclJI JkSj-Lc- 



: jl^4-I o^LIjw . oiLsjil io^Jal* 3-12 
System of conductors. Coefficients potential 

U-llcj . ik~~> i^jua JlSlit o^Uo^ii L^i J-ll JiLdl J.*- iJL«JI 

. JLil -Ujo ij^-J J-«15CJI ^gialj^JI (JJ- I tj^ oJuU> O^L/>_jil Jl^Lil 
(J I ji dUij ' i-s^Ja-Jkl J^»- iS^jut oU>-lLLL^l ^"ilrtl-;! dUi 

. <L» j la ■ 11 ,j (i^^l O^L^jil oL=ti.j O^Lo^il 0^-1 04?- (ju ii^lc 
JljJ l^L t J^i-I O^Lm (^-^J ' ii^l*Jl oi* ij (jJl Cj^ULhII jllij 

jua JXU oli o^U^il ^ N dlLa 6l (>>l 

(J I jylj^j . Qj U^-*^ '*-> J,t -' J-*^ C$jJI j J-">U 1-*^ O^La^il 

U J (x,y,z) > o^U^ll j-jU- *UJI j iJ^Ui ^1 JJ-I 

oJj-Al^- Jj-i^- -J^j^v*' 0«J3-fl-^" 
Cj1jU-L« IJtij i X. Ooltll; CJjjvJi4 fUiill jj JgU.JI -A-L^c- Jk^i-I 

i^^UI oUL^JI ^ ol 1^ . dUiS' A (jI-l^I ^l^j) j^il 

J^ll 2Lj*i. ol jj^-o dUi . <r = to-En 0^ dUij UjjI /.jo 

. Ajy>d^ j^i- (_y»-y (5 _/^-^l O^Lo^il ijlj ^ j 



Jju 2JLJLI oJuL \U (j) (x, y, z) jAj ^jst^aJI JJ-I 1>Jj>-j Ji OjSvj li^-j . 

V? = p l; Q„ (* = 1, 2, . . . , AO, (3-49) 

. JaJLs JJjL I I -X»Jjo Cj Ij j I JuL» p jj O I i ] 

U_^5Cj La . Aj ^kZj> jvc (3 _^>- *i\ oliUo jil j-^fj t Q k ~ v Q ko • W*-*** ilse-lJ 
Jl U (k) >^JI jj^ ^ « v U (k) (x,y,z) : ibU ^1 JJ.I 

W'Xx.y.z) + vU*\x,y,z) (3 _ 50) 

ibLil L ^ ■uUj . 3jJL j.| ^ aUa^ jii 

: Jl 1/ o^U^il ^ (il l>\^ jSit t iJLil e jj, ^ (3-50) 

= P.jQy + PitOt, (* = 1,2,..., N). (3-51) 

: ij^>tZ-a (N Lajof-j) 
Ui = IJ Po<?y- (3^52) 

array oLJua ol ^jUI J*ai!l j ^iL^j . o"i*L* ,j> Pj= o^LUil 

P.J = Pj<- 



Solutions of Poisson's equation. 03}^ <JjU« 3-13 
,y (■ l ^~> ^i^- 4 ^-^' (J* Uijjuj lt^-;^ SJjU-* ajjLJI j>^-.JI (j U-ii'U 



(_)5>Li ^S- oJ^J^A jl O^^jil J.C j)L".»J l^n-i^L) 4J_3tJL!l (j>5o (jt> 

<Cj?e*lJI ^4 \*'j*T Oj^V CU-^- <U5C^jLL*-J^5 djlu^a -Li-lj LLfrJ 

(_y ill— oj • O^L^il rjJa- J* (<C^sil <Uj*<UI ) <Uj>tD 

l^>JHl\ i^-UI J-.l£zJI C5 kJu J-t (3-1) ^ ^ J^l^J 

j^J-l cr^;^ ibU- jL^-l ^ o\ l-j-j . ibUL 

rf? = p(x,y,z)dv : 1>jj^ csl < sLLc L^-?-L i^iJI cj^SC; Ljccj 
iLU J,1£JI JJ.I Jli (3-1) ibLll o,U < *UiJI J MiJI *~JL 

(J-C J^ai* Ojl-X ujjj>J J^- ( J^. i}y^J-\ l^J jjSlc Sjls-Ij iJU- 

^ JS" 0>SC; J~Jl clout I. IJlaj .(3-1) ibLil J JJL^zil JJ-I 

ill J P i^L aJU-1 oOA JUX, . J^lj JjLZ— jydi iJb ^ U, P t^JIJI 

• J*^* JSCl; ipj,^ i-JSUl ^Xij i Jaii r (ij^SGl (jSljis-^U 

: (3-5b) iJ^Uil ^ dUi 



1 

r 2 rfr 



(r* dU \ 1 

\ r / = - T p(r) - (3-53) 



-ClC 4Jj^«lJI (jl IJlSij i oJ-^ A-JlSC!I 4j_PeJLll (j! j^L— J 

(jSo: i^A^t . SjvJGl jUai^l (JUajl jlL& ^i^aJI J I Ja^;' is liS' o I jl 

p(r) yiJI ol i>>^ « s>lL. (3-53) ^jULI J-tS^JI ,1^1 

jL^I JUJJ o^U (1) : U^-' >C: >'v5oii ^ o\ 3 ilk^ 

U Cj\ (2) 3 



. jJu^-^ aJjUI iLK iliLt -1 
. oLJIoa-'il j t) ^%'i ibLi ^LJI ii^JI -2 
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U b j U a le*!-^ <jl (Jl LLJfct. i ioUl ji (J,jH\ J ' jj> 

1 T|j j T a l^-^iaJ 1 a « i j j I Lj .AscLs (j Uy^i» (j LlJ I ^Jsu* I o Li jJLS 3 — 2 

U ! J *J>LI iiilll ol J* ' q-^H U , olS' lil 3-3 

. UjjI JjJ ( jJI ... j d 2 Ui/dxdy 

. (z = r cos ) z ^SIj^-HI Jl i^jJL 
(3-8 JJjUil) i^jl^k-Hl oUIjo-HL v 2 t/A*- 3-5 
. y = r sin0_9 x = rcos 6 : Uj^jl~. j^LU <>jj»dl> sjuUzil 

Q, ~ 2q, q OL>t£. Q» ij^Jj) iSj^- i— Jai' 3-6 

044-' J^T f ■ (J-*°Hl dJaij ^' — ' oliLJ.1 JLLc Z (Jx. 

- - " t — ' 

lj Ojm^j t Q l^I^Ji A-JlS' "LJti. (Ja^- a l« jbi <- ' <ai o 3 — 7 

. a j&\ i>UJI JLlc JI^J-I JL>- . Eg J^ 1 

: SJIJI o\ cuJI * 3-9 

Im A[(x + jy)]"* = ,1,1/2 sin >0 

^ ft _ 

illJI . ( U uLiljJL-l uUI-^l M j r oi Ji^H) . 0= : -ux ^Ikiil 



. JJU.I Uj^c v> jw ' j^' iy "a^' *-»51m i'^^ll JiL.Il 



(J-t i^>c-l!l iitiS' Jj- . Jaii X !y i^^i! ^ijl JJ_c XZ <S^lA\ J ■ k .' j 

3-10 

(SyJL\ itzil 4-iSGl as- . SjI^^L. Jl XLtj 

. i^JaJI S^ill ^US3 yiUI J-l5c:JI 
<J*e>* t5_jl— • q» O^y^y Q7. j Q 1 u\zJ**j u^-^» 3-11 

ZJU- j i»_)}L)l iofciJI 
Ift j Ua i ^>sJL« 4JU<3 ^ j£j Q A-JajL) <UptZ" (jo Sail I A?- 3—12 

r > a 

3-13 

0^*^ s - 'u?^ 1 JU«H L^li. olc (jSCr J^l IkiJ SjjUI iikul j 

J_c Z = +L j Z = -L Qrt.T^alll ILt Z tjcLc^^. — Q _j Q (joJaii 

[Q/2rt L 2 = -Eo : ul 
3 Itt j !*»« ' ° '.o ' 4jj o (J^- 1 J it yioy Q *C . la a > <Cjtl 3—14 

j (_-«— ilj ' \rjy°3 1 i-^JI il^Ju J-»15C!U aJojJ- ^~C,^ Ajj ^53\ o_ / ^i)l 

iJjijLA (J I c-jIj Jj- iiLii y> L-^-jU-l oLselJI oi* <LiJU-U J5 - 

(I) ijJ^ J^-IJI ^kJI iLJ.\ <^J! ^ . ( o*4-t 

^S,y£>yt (J^iaJl o-b-^J A I <j a.,.,^ O^tt- (3^^" ^U^_4^> Aj 1 _jia^* i 3—15 



M ojllll vt>-j Jail Sj^aJI fly* JLy- . & 4j I ^ia— *iJ I jjai (,. i^ajj c (^yLA\ 

. a _j X il^Jb ( ii I jJa- "it I JwL^ (iJUl) 

csUaj"^ ^ L^J-I .ciUSCj yj (Sjj£ Qjy 3-16 

oli R cr» ^ W jJ^" cjJl jLLi^l <JU;I j^j . r < R jlLiSlI 
^ { y^- . C>3jiy. itaU^ J-.l£jj U (r) 2J1 ^ ju>- . I (3jLmo L^J-I 

(_Jai 3-17 

. (J,y-*AS i_JaiJI ^Uj 1^. ^jjl o^ill i_— s~\ . ( I 

^Ja-. h] ^UjjI (J-c +Q I j r «. J * 4jjti (5>--^ 4ju*jIc 3-18 

ILL* rJ \ i Q = 15coul j h, = 5000m ol ,A* lilj . ^ d 

. d = 20km j d = ,_>_^LJl\ ^ E v jjiiJ U**>^ UL, 



THE ELECTROSTATIC FIELD IN 
DIELECTRIC MEDLA 



4„r'.*>t r» (J^i (J-t d<^-> lj' J I cj 01 -* (J^—*^ 0^~> I ■ k ' ' 9 

i)jl*JI SjUI oLo_)j»- (jl 1^" • ( cj\!>jJSHH\j oljjJI t5>> ) i>_j»»^« oU* 

jijjj iJLJI ijlj^SCll JLil oL^-L; jijuJ ^-^il oU-J-' • 

^ iL>>Jd <_JU1j c-sr^il oJ>M (J I iS^ji ^ ' o^Uil olf 

t.\y>-li) ij-lj^l oi* jloi« l-i* • (>— t^jiL^lj 0^"^ 

^kJI i (JU-^l jytll (jSCxj . iLjJ-l J^ta 

idlli J^£>_j . iJLJI AJL^il qs. JjUJJ ^'j] ^3 ' ^r*^ 

* * $> - * 

4jl "ill t J»~._jliL UL^5' "ijUjU Jbu < , J-a ^ 7 ... 1. 1 JjUJI ()l y« ^Jl (J-^J 



JjUl ^ Llj Jb^^SOl JUI ^ Uj^ ,jS3j t Ja-^JI J^-l:> J53I jl^HjSGl 

t>° Ji*^ (Jjl*lJ -V-^' lI^^4^-" JUI (j^ t£Uj ^Loij . 

<j jJa !•»" y» J-waiJI lift ji\ c_9Juklj . JjUJI J^-li L ^L_ / ^J1 

. j^lll j^OjJI lift iJ-Ul 



Polarization. . , lka?.., Sl 4-1 



(jSlo'ij 4 iJLJIj <~r>U oUjtlJI J^oli ^iiJ t I U^r ... 

: ^-^-"^ (3 S-J*^ i3^>J fj^ (_s 4j ^^ jwalnJI (_L^>_j 

Ap = /" r dg. (4-1) 
^Ul jL^sai JUI ^501 e ift oji (2-9) jUI J ,U U^j 

ijjUlL; oji^S" -Uj jJI oliLil JlLc (^l) oJL;jiJI JsliJI JLLC J .---H 



: o-As-^J c_-J»ill <J Lj jftj < P £j J^Ltlll 



Av ' (4-2) 



^3-^.JI l»J»U- i^SH) oift Lit 1^:1 P c_-ji (iil ji-r*^;j 

*JaiJ SJIj P £;^aJ (j-LVI lift J_ej . 4 t .;._.JI j-LJI lo^- I j^a 

jL^Li-L; jl 4 jL^^&l ol laa . V ..,..^il <_y-cjJ i--XJI oi_» j . P (x, y, z) ^ 
~°^5 J* ij*iJI SJ^j L>~i ^ [fJwjj ■ <i->UI Ja-^i! 4 oLkil-^l 

. cijUl r LkJI jij (coul/m 2 ) ^ JS3 f> J/ (i! * S^UI 

o^ 1 (ir^ "L^ 1 oli ^ P(x, y, z) (jl ^»l>!l qaj 

s - Vr>^' <Uj*^JI oUI y^ii, ojjjj liftj . t3 »»J-l jv^jJJ Ap 

. (4-1 JS^JI J^"n) UUI i^DI 



4-1 J£i)l 
p c-ki JUS l>^4 J^i J 5 " • 
4 ] 

<* ft 
oLf-^l o^v ij ./* 3 ■ oJj-u- oLljjj- J_c (Sy^z ' ^ ■ ■ ■ « 1 1 

p m = f rdq, (4_ 3) 

./molecule 7 

. iJjliJI 5 JI^U LJLj^^ iLLilil Sjii^aJI CjU^SQI (5Jt=-l ^ (j\ J^~^ 

AV(_y«JtJ-l _^ual«l) i_J»ill ij^J f.)* 6^ (4-1) ibUll JjJlU- ^sl^JI ^ j 

: . Av ^^jJI J^b olL>Ll ^ ii 
P = iEl 1 ™' (4-4) 

m 

■ cr^^-l J^aiJI j Ljji-^l lift ^ JO_)il j^ll^j 
J£-UI j ovil L.. laSV ,. „ ll JjlxJI ^ <^«- J5" oi pi^l J-Cj 

iWoj JjUl ^ joJ ol Vll (>• ' { -r^* 4^ (4-1) 

. Siju^ IL^r Jlf (4-1) JSUl J <_J»i jLS JS' ol Je^ ulj t <^>r 

: J> ^ ^lil jyt| 4-2 
External field of a dielectric medium 

(S^y. ^UaiL^I 6l • r' ill* £Lu JS" P(r') olLu-^l ^ 5>f 

\\\ 



<JU { jUJI J^iJI j LLJ ^ . (4-2 ji^Jl J I Jz\) JjUJI ^J-l ^U- 
jlo^l j»-L jL^SOl JUI jut f ^ t U(r) j^l %] ^J. a\ J^i^l ^ 




{x, y, z) 



4-2 J£±JI 

jt&l Ai/ ^Ul gjf ol^U (>. ^L^ (x, y, z) iiiJI j^* jl^J. Jtfl 

. V (H J.t, (3J.JI >jJm S .V Ji-b 



j- aJjUIL; 5jiJ"Av j (x, y, z) jlaS.MI (jo iiLil cJli" lij . Ap = PAv' 

LIS" JOstL- i_JaiJI ,jUj j»_)jJ Will oiA (jlj < ^jJjJI IJiA jUjI 

: U(r) 0*4-1 *L; j _^>L>JI 



A?7(r) 



Ap • (r - rQ = P(rQ • (r - 1') Av' 
47T« |r — r'|» 4jT€ |r — r'|s 



(4-5) 



l r ~ r 'l = V(* - *') 2 + (2/ - J/') 2 + (2 - z') 2 - (4-6) 

: JjUl 



i/(r) = -J- f p frO • fr - rQ ri g 
4xe y,r | r _ r 'i3 



(4-7) 



\\\ 



ill 1 ii— o Oo'i' lil ililxil ojjt. i>jviL_« o j_5-A> -h4-^ L'LmJ- 

JSClj (4-7) ibUll ^ jyC l)I -Vil 0** ^ f-J • ^J^ 1 ** Cr'Lki^-^l 

: (4-6) y^Ul sLk^ Ir-r1 i^jCJI ojK 



+ TTZ-^> (4-8) 



CiLilj^-^L jljji-^J jviLil ( j,...Ja.;:JL i^zJI oi* J^ail ^jSCf ^ 

4>liLiu 5 oLJIjt»-^U O \j£ Qt^alj V (J-*l*)l (jj • "LJjlSojJI 

<LL**JI oiA (^jLix-^II _^l J,««.v.i.j tilli .Uij < i^tZiJI i«^Uj s _/-iyM jji- 
oli Ir-rl iJljJI y' J-.UJI _yl lil <ul £*ilyll • V c$' ' 

Ifj ^"il t . 1 1-> T , ..I j . Ijn.a'i — y (J-olxJI jJjW ^J^— 4 o£~*~ « ^Jl 

uJJ^ V JjUl ^ J* (4-7) ii^JJ ,>l£dl iJU jUl uli 
fLi-^L (4-7) ibid I j l^lSCl jI^II i--*£]l Jj>£ <j^j liAj . r ikLJI 

: j^i (4-8) 



P- (r - r') 
Ir 



C - r'|)' 



?r = p - T 'Vi^rpT;- (4-9) 



j 4^-j-dl (1-6) SjuUalll ik-ly ibid I oi* J-C jP-l Jjy^ *l (jSCf. 1^ 

: (1-1) J^l 

div' (/A) = / div' A + A • V'f, (4-10) 

/■= (l/|r-r'|) 
A-P, 



J I (4-9) Jjj: 1-y.J 



P- (r - r-) 



div' 



(,rL.) 



-7, div' P. 



(4-11) 



: jl \< (4-7) ibUll ^J.'. 0*4-1 ul5C*% L>U 

(/(r) = _L_ i" PjJ^ + L_ / Lr^LZLL , (4 _ 12) 
° W 47r6 7 So |r - r'| + 4« J r |r - r'| 14 M 

f lo^-l C5 =.k- J.15^ div(P/lr- f|) i~*S0J J-Kdl Jo_J 

^kJl ,> f Uil Jl J I JUL I i^-iu >^ n ul 1^ . o^LJl 

. (JjUl ^jU- cSl ) ^jUU cLst^iL. da 

uUlo •<* (4-12) ibUll j div P . I'. n „o-X'- 

: 



<t p = P • n == P„ 
p P = —div P, 



(4-13) 



(4-145 



jv~*JJ oojiil On-Ill ^1 fO^-oj . i r ~J/L)l ,_^c- <W=>J-!j A-_?Ja_JI ( soJLU 

. JjtoJI <oL ^ ^.tlj^l jSlc^j £f jil 5 y C— J <*-=e-lil oOA (jl Ai-ij- J* 

t^s. io_j*jJI ■ .II?*:' ...Ml 'kS y, il^oj L? !aju' ooJiil il3«-llJ iLadxJI iiliSGlj 

>LkljJ »OjJ jj-Li SjLLc- 0*li ijoJil! Otiil OastJ- 1 iiliSGl Ul . £tk~JI 

. iJjUJI iolil ,>Ij v 1 ^-^' 1 

^i^iti *-il ^-o^j '■^.j^-i JjUJI 3jL« ^ g-iUI o*4-l SjL^ 0^1 l~~ 5Cxj 

: J ^15' ^3>; 



r '(r) 



47T€(] 



P/> dv' 

v 



47r<„ 7 |r — r'l ' 



(4-15) 



JjuJlJ ai JjUJI SaL <j\ li*_J 

i ^LjjJI Jj^pcJI iLu«l_yj (4-15) ibLil Uj- L>l ^ ^^Jl J-tj 

iljtlJI oi* 0"—^ (4-1) JaClM £««I_J Ose-lU i-^tk-JI isliSCJI 

4 . -»U ... ll SjjstiJ! . i^tidl oUai"iM oLJUj ^j' ^ iLiU 

C i ft '■' ^ ' I . ' LlaJiJl-" ^1 1 4.r*all <LjjI^-* 

JJi ijl (j* 4a I a^w* c PP SJuiil i^vlU i_^*J-l AiUSCll (J I ^ i 

dLU e-JlS' liji . Aw' c? ^J-i jwa^JI L^j^ (jJI i^JUJI i^UI pp Ad' i^So! 
(jablc P 3 p + ijl jjj Llo : u>"^l (JaC^jL l^je^?^) tj"^-*' £»ijJI 4jLi>- 
J.£ Saa-^l 4_JU! LJiOl iUavlllj j^J-l oa^-^i i-JTjil 4*150 1 i^lil 

. JjUJI (V» o-l^j J 4a jJJI <_$ 3-J 1 J-^P + 6l (^yjy . <_*J/JI 

ijU i_-'.UiiV.ii, J o jji J ;LJI U>So b>aj_pj . oU^j^jC) "}! I JjLc p~ u I* J-^J 1 

'. 1JJ » "^jUjU Labis' Ji«j JjUJI ^ ( _ J aPtp- j n . ' .. £ 

pft*', y', *') + P5"(^, 2/', *') = 0, (4-16) 

Jji- Jjbu 1 U^^j UaU£ i^^J-l iLa^ljl is llS' (J I iJlLJI kUl^UJI juj' a] 
. JjU'l j cjlkil^l tijJks- u^-a 6""(X, y, X) j laic 4JUI 4^1) I 

-(^ p^S+'ttda', (4-17) 

/AS 

j.,^v,«JI j ( iJLJI iU^llI oUaii c$l ) ija>e-ll! SjUj (j I cSip aJLJI iLjtiJI 

. Iftjlaia *U-*5Cj ^«a»tj- 1 

^ as (-PcT) *~ ■ n da. (4-18) 

cijU; At/ cs^^- 1 ^xaJI UJl* J-^ ^1 i^lll j J50I ^Jl oj 

: J"VIT ^ ^1 ( (4-18) j (4-17) ^ J^U 

- <£ (« + - O • n do' = -div [pf (6 + - 6 - )] A»'. (4-19) 
/as 



ior^il io^LlI ^iL^ Ory Sr— 11 ^Ij^l i>^ilU eSjLJ a+— 6~ v^II ^ 
. P c-ilku^l „L>~. j l ^ISC' p+(6+- &-) 0i» liAj ' iJUIj 

^ <_j»^^- j^-c J aJ^UI i^-DI l$_jLJ PpAd' ^L»5Cjl ol '-^J 

. ( ■ 1-ao '■*.■■>» J jL- 

itaLz- iljU SjU ^ 4^*^.3- ^wsUju Ij-J <j\ (Jjjl iia^LJ Lj^i- j-uj as 

. <LJ(j ^4^31 oLjcjJI (J-*^- j^Ljy <_5*~-3 ^^^4^ 

« .. f 

J to JiT o'j ' AP <LJj! i_jUaiil oLSLj ^* JjLJI i_-?0v "L-Ltf^l U jiij <lfr»-j 

* * * ^ 

oj^*aj J^J-I (4-5) dJjUil ^jkjJ ^jSO (j-L^I j LJL^ ^jL^. Jbu i_Jai 

_^>L*J! o]i ' 2Li.^L- divP ^L«5CJI c~>bL aJ I jj- o^j ■ ***~**> 

( _ r ai'LjJI I -La (J^sl oj • 4Jjfci> <_L-*- l^! (J-t oJ^i-J> o j>-aj _/4-k-> ,1 -rr* J ^" ' 
j Op _^j»i! ^Ij^JI Jj>^JI j Cr»^V ' Jj^l iU^U jJ-j 1/ 4 tiyslkll 

JS" J»-b iJiSCil i^lll *tib (J** '(y*^— j-^J oiilst 

"LJ>ljJl U ...I I " O^L- (jli iJ_)Lc oL iL^t ixJai' JJlU 

UjjJ ^jiLo J Li! I . li^^t l*lji»-J j^ti J^i-I «.L) j 4iLiU 

. ij^snS^ J ^Ja—J <L)^3«**^o 4^-«jt^- ^v*d Lc- 



: la j^ij Jjlc j( ^J- i L V , .. 

Qp = f (-diV P) <fo' + ^ P • n da', (4-20) 

J5^ JjUl ul J* 

uajj c^lS" ULL> t I ^i/j c5jLj (jl 

. acLJI j^JaJ xj. JU-I j iljLil oiA ^^U: il t (4-20) 

i>* 'cr Ul U W g^'^^JI uljw^ <jl jif*; LojJ >^ o'^lj 

Oij^i ^- (4 1 15 ) j ( 4 _7 ) U , ^jU SiU. ^ 4 „ t»S: „ .. i^, 

. oVUJ! ^ ^! ^ ^Jl J . ^ 

iljLJJ JUI jla^Vl i^I <uU J^ail jL^50l JU|"li 

. - v ^ oU t (x, y, z) oLJIjb-^J *Jb U 0^ Uj . (4-15) 

. J«* 1/ir - rl iJLli j ^ (") ^ olJI^^I 0} 

V(l/\i - = -V'(l/|r - r'|) 



: J* (4-8) ii^UI r lj^L_, 



Ffr) - 1 [ f ap{T ~ r ' } rfffl ' i f Pffr ~ r') dv' 
4re o Ly fl0 |r-r'|3 + |r - r'|3 . 



(4-21) 



The electric field inside a dielectric JjU J^b JL^SU! JUl 4-3 

LJi u. U JjU Ja-j J^-b jL j4 5Gl JU^JJ _/u-«J jU-I JJ' 

<_r-"-b ' cf^r*-" j^^ra^-il JLil y» JU-I a.. . U; L^Lj . iijj IJL* ci jjui o' 

J-XP J* iSyJ- ^Jl_j JjUl ^ Sjji^ iitu-. J^-b jl^^l (JUL I Ja^yj, 

s^il y (g^Jl) JL;^JI Jt^ 1 ■ V-^ ^ s jL^SuM 

• tj^-^' £jj>^l -H>" *— ^-oJI <y ^=rj J J~t ijjl— jj-^Jl 

• 4~>j4-l <L£-^ 0>^j (J-c ' ( * ■ h a \ Ia^xo— 

JUtJJ L-LI Uj^aj Oaj a"^x-l j j^iil ^^Jl li* ^y. (vf-^JI J-Cj 
ojO.L-. H jj-oj i_jsj yiiW IJL» |.ljj«Jl^l i_^jw»aJI 4jji 1 E j^-jJI jLj^SUl 

. jk*o\\ ^ (W*^-' '-tV'"'^ l-"- 1 -^ ijlill -X^ ^ j JJJi l*^"* - 0>=«-i-> j^-J- 

Ujx'Lo' c _ y SU jl^^Slll JU^iJ (^^i <_^U- (.a=^_: ol f o-* ^ <-5-^ 
<~*5CJI (4-10) j^JI j ISjaj . JjLJI Ja__jJl j sJyll . _ , I U ; - ., 'V I 

. il^Jo JL^JJ o-b^l i_aj^jtJI iiiL. J^UL ^» E L»U_jXJ (jjl 

v-L^I ^iji' lilLj; ol JjUl j ^^Jl-j^l JU1 oj 
conservative LkiU SlU E j\i i^U . f I >JI iJU- j JUJJ 

: IJJ . Ajt^_« "i' jk^jf ^ as liii I I Ik _j 

curl E = 

'• Ol ,_y~*J lj*J 

• dl = 0. 



\\v 



<. 4-3 j A BCD jLi! J.* jJ>J Ux^j 

^ J^U jli^ j! L*^ 015" Uj . JjUi oL J^b ^JLi CD P >LI 

BC, AD ,jro>!-l 

E. • 1 - E„ • 1 = 

Evt = Edt, (4-22) 




>lj >l i^Hl Ji^; U jJi 5^1 >b ABCD jliil jLH ... >> «i; 4-3 J£ill 

P v LLt-Hl oi^! 6>S^ ( 4-5 ^_JI Jl ^i) iJ;Ul j ."JjUl 



. i-^l ^L*S0l jx t 

. dJJJ ol X; ^Jl oUU^'l J50 ^ (4-22) ibUlj 

^ jwoo 1/ c E dt = E d o^Sl « E JUI oUL s^l 

. E vt = E v 6 1 yjy IjJUji vj^J o^still Jji- b JUL I j,\ ^JiUjJI 

iJU j Ui • ( 4-5 j_Jl Jui ,1^1 ijL^, Jj\y}\ iJW J U^> ^aJi lj» a* 

-i—^ t lv „ ::. ... II I jmju JXii A-tj . b^=->a jjLli ^LJI Jli Ls£ *!) I "■ Jjl_j*)l 

oi s^i'i j>b u>jji i^jj jju. jjui J* 1 ^ jtjt&i J^ 1 ■■ tikis' ^ 
. jjUi ,>ij Jl^ji jyi oi^H Cji^ 



J_t iy^ J-p-Ij JL^^SGI JUI JjU J^-b j 1^*531 JUL I o^SC 

. jL^^SUI JLil cLf"5i' Ljl^ s^ill 0>£-> ul i= JjUll j JiCi 

(J I jJ> JjU J^-Ij jL^SGl JLil l-jL^>- ilSLl* ol ^Jsl^JI 

JLi I (jl -*->-> ■ y,\ 1 J5w (J-i JjLoJI |j 0_jJ=ei (Jj-Ij ,J l> JLil 1_jL^- 



uJ U c 4-2 xJI j ^ Lli, . 4-2 .uJI j U^-L. LU ^Jl ^ 
j^4"I f t P(x,y,z) slL»^ iJlj Jjl*JI v>i^av,,.j 6l 

: o^JJ iJ^I SJIjJI M\ j5Cf t (4-15) ihLil Jl^Lj < i^JI 



t/(r) 



47re r, 



y', 2') <fo' 



•b-'i l r - r 'l 



+ f , (4-23) 

^kJI S j < ;^l ^ I Jj,UU JiGl JjLr' V -V[ il 

Lks-"^ L£J .5^1 C> L. Jl^3 S'=S, +S 2 + S C LI c JjUU ^.jlil 
dU^ ^ 1/ i S^^U S c T^kJI > <r r = ol (4-3) JsLiJI ^ 

jj-kj . S i _5 S ] i_^=Ja — 1 1 I — o J 1<* j J - 1 iJ ^ "OUj j o^,j I J-»-=r 

. U'~^-> j ^Lj ijjJI _> =^ 3J ^ y>> Jjl»i) ^^j-jlil ^Ja II oli ^L^l li* 

^y^k-Jl J^tSCJI ii^ Si* If (4-23) ibLil J ^lJI J-l£JI IJ^j 
^ (4-23) iJ^ULI j J-l£Jlj . (4-15) ibUI j J^il 

ys ^ lil^aj JjiL^jJI IJuk o^stiJI i»*l — • o ^ JI-=- Aj I J-ij • oytiJI 

jttLjj' "i' dv/lr-rl ^L_»5lll ^ . oj^jL. pi> i-^UI AillS" . ^-^Ij 

ikiJI fx*- j~i ( r= r ikiJI j^c ^1 ) JUl ikii 

s^^l J*^. dlJjj 1 fV |) s^^'l r ^ t ^ jSCx l^-lj 1 lr— rl 4jLc 

italnil . V ] 1 (L'l. ^' <L>-U- dlLa JjJ jJ I Jut _j . iLJ'j 

(4-15) ^^Uil jli ,3>l SjLyj .(4-15) il^Uil -U-^J v. 1 -" (4-23) 
• "-=rjLp- >l JjUJI J>Ij i«i'l_5 r ikiJI c-il^l L'(r) Aji-I 

(4-23) iJ^Uil y.^'i' LjL-. ojL^l E(r) jL^Ji JUl J^ 3 
J-L^ "i'l (4-2 f) iLLdl ^ ^ i^uJl 

j JjUJi i-^J! i^L~. ^ ^ (4-21) ibUi . ^Vj X- 



JjUJI J^-b r bt ^ « ij>-a ? r iksJ ii jLj^xJI JUI i>.^5o 

0j dL. 5 (4-21) (4-15) _^JjUiU izkzll oLLJ-l jUl 

dJL»_j) . £j>yj} ^u^L^. iib P(x.y,z) v >lkii~.'iM L^i jJI o"iUJJ 

Ja-^JI J* JL^ ..LI :1 v U»i^l o^U-I ^ J a^SCJ 

J. — SGi jL^^I JL_^JJ i_Jb P(x'y,z) oi ^ »J • j ] Jjl— «JI 

JS' J-ii . ci^jJiJI oi* ^J- \yc£ j>£> ^J^> ' [E(x'y'z) 

ilUI ai* U>SCl Cj^U-I jtffl j <£l t P (E) illjJI ii_^> is ^yi-—; 

<J5CJI JL^SCJI JUU jjx. P j^c] l^wj LLu iJLiJ-l oIaJUjJI 
^ jjill- IJlaj c Jl^JJ aJ^JI j *~J6 JjUl ^ if Ul i«jbLil 

i E i_» ^ ^ Li ^ P ^ la " ... i l-y j ■ <jL_j- ^yv-^ y> <uaL1I 

t ilL-JJ i_tLji L^ji-I J I ^Sj i>-U-l jl Jj] 



: iJLj^SJl o-lj^l . JjU Ja— y-jlS" uyli' 4-4 
Gauss' law in a dielectric. The electric displacement 

*--5^*-" "^rL-^ ^Lji^. Jx ii>^- <iLL* J^. Lr -_jl5' 0>>L9 J^Jaj 

£uk_JI Jj-b iJISJl oLsfclll j^jr Jy»-li gjSo jtjjLj- ol 1— Lt ~f 

Jli- ^k- y^^ . ^^.5' ^ Jit 4-4 JSClJI j ^1 S jJaidl JJ.I I 
^1 J^-Ij Q iiULJl i^ji ^ ^ JUj . Jj,U J^_, _>b vi" 
r L^i ij^i iijjji i^ji OJJt j ^ . s ^kJL ^| 



( © is, / 

«\ © / 

Dielectric 
*""*** ' medium '-, 

J> i-j j S x-i' 4-4 JS^J 



f E • n da = - (Q + Q P ), (4-24) 

: til 1 iiJLkJI oLj^IJI J I Q jl 

Q = 9i + 32 + 93, 

Q P = f V-nda+l (-divP)dw. (4-25a) 

Ijy-j t S jUl ^kJL J=UU Jj,UJI ^ *>Ll dllj ^ J I V -j+y L* 3 

j II J_.l£jl jl J^- <ulc_j . ^Ja_JI lj* -Ux- JjL»JJ iJueli jjo^- Jls^ _jj V 

. S ^kJI J^L^' (4-25a) ibLil 

Jl (4-25a) ibUI j y^il J-l^JI ^3 
l^J.\ ^k-jl ^ ^..-'^ Ol ^ ' -^L^ 1 >l-^-L 

o^Lil Ol U«J»lj Jo'au . S 3 j S 2 j S , j S ^ V 

t (4- 2 5a) & Jj^l jJ- I s^-^l ^ 

: IjJ 

Q p = - ^P-nda. (4-25b) 



: J* J^i (4-24) 
^ (« E + P) • n da = Q. (4-26) 

(ijU ^ jJL. J^U (€ E + P) j i (4-26) ibUil ^ 

J I ^.u 1/ iUJL i^l liij . ^kJI ^J! U5^l iOkJ! i^DI 

<u-l_5 D >j JU -ul . Li I I>jj UL- LJ <^~» 

: ii"}LJI ls i iJLj^SGi aj-Ij^ 1 ! 

D = e E + P, (4-27) 

. 4j- LJ. I o -1?" j 

: J^l JS^J! J! (4-26) ibUll J_,jJ D il^jb, 

' OTJ^ U>^' 4-IpL~o j\ i iJl^jSJI ia-lj^U (j-jK Jy{j> ii'^UJI ojj> 

oO* ^ . t a . J^tj . S J-U^> ^vk_j <OJl# cUiiJI ^ 4ak :,. J_t !()«.. U',' j5Cf j 

^ ;y ^Ja_JI -j—^ ,jJI AiJJaJ! ijjtdl L^j j^SC: iik^ J* 4JjU.il 

^ D • n da = p A 7. 

div D = p, (4-29) 

• U*J^" 0>>LJ 4— LjsLilll Ai^aJI Ul~ yl (jt-'J ^ ■.'•'■■■II 

JiCll JLSL~ 3J 4&\ JUL! I ^ V oL_Jl cijJI V> L^I s> . ol 

: ' >=r J>- c ji-j^l jSO: JjLt a- « j 4U;; 4j| 

E(x, y, z) = J- D(x, )/, 2) - — P(x, y, z), (4-30) 

e to 



j_cLJ j. IxJlLJI UUSL> ^ y _ ( 1/ e )l) J,^! ^| 

Ja-^l oliiL,l ^ Lj> ^Lz, (-l/e Q )P jUI t is-lj^l 

iLUI ^ J=Oi Jj^II LK JL^I JUI . JjUl 

. (4-30) 



: J>JI c-ttj i-JL^Sai o^-UI 4-5 
Electric susceptibility and dielectric constant 

OA* JjUl J^l V U^I J I J^J! 1^ ^Ai. j ^| 

^J^J . Uyl J^JI i^L olL> J* J, t^^i jL_^JI JUL I 

0^ --^ ^'Vc i-k-.:^ LK iolii dJjJL- X; a,.:. .11 ^Ml 

. Uai iiV < P = P(E) ^1 ^J! jL^SCil JUL I V U^^I 
. dUJ Uj P o^J t lS^UI J-yi >o ^ v. K o~: liU 

^ 'h^3 ■ ( 5-4 _uJI j j'l^-L ^liLz- Lilj LlU::..,l cilLi Jjl^JI 

P = x(A')E, (4-31) 
. <oyJ u^JI iJuU _,l i_JL ^SJl i^U! Z(E) a-X]I jl 

J>L,I j i^lj^J ^ J.^ (4-27) (4-31) ^^ULI 



\rr 



e(E) = t + X(E), 



(4-33) 



Zj s »j 6 oU3l 6l jwbljj . SjIII i^U Jl e(E) > 

J* 6(E) j *(E) ilAl e j X t _j£j 6 | LljT ^ -^Jl J*_, 

lo' <3^l SjUjj . UjlI JUI j^JI o^U-I Ijx. t Jlj^SCJI JUI 

: i^j"iUJ l^J i linear dielectric iJail 

P = xE, (4-31a) 
D = <E. (4-32a) 

i-Lli /\ 6 i^-WJL UJ LK jojt sjIJlI jl^JI dl^UI 6^1 l-V.J 

6 P - 

j_j3j J_/*JI OjIj l-i jJ»jj • K Jj>-»-)l OjL) iisl— j jl Jjy-il (J-"^»-* 

e = Kt Q . (4-34) 

: 6l £~i^> (4-33) lS%i\ .ja) 

K = - = 1 + - ■ (4-35 / 

lot Uij . i^lLil jl^il ^ JJjJ JyJI oJy C^-jjl (4-1) Jjji-I j j 

lift j ;LL*il JiLil ' L~ SiUI v^- 1 W (j^JI il^l 

J^ « W Lji JjUl J* JaL.il jl^Sai JUI 0^ lijj 

Jj^JI ijJ. (4-1) JjjJ-l J o^rjol -uij . J>JI Soi. ^ju jUj^ jL^J 

. jl^il JJuJ Loj! E 



max 



4-1 Jj^i! 

( ^m»x JjjJ I o JL^J X J)*J I Co Lj ) 



Material 


K 


£ m u, volts/m 


Glassf 


5-10 


9 X 10 6 


Mica 


fi n 

u . u 


c on v ia6 


Nylon 


3.5 


16 X 10 6 


Rubberf 


2-3.5 


16-40 X 10 6 


Sulfur 


4.0 




Woodf 


2.5-8.0 




Alcohol, ethyl (0°C) 


28.4 




Benzene (0°C) 


2.3 




Petroleum oil 


2.1 


12 X 10 6 


Water (distilled, 0°C) 


88.0 




Water (distilled, 20°C) 


80.0 




Air (1 atm) 


1.00059 


3 X 10 6 


Air (100 atm) 


1.0548 




C0 2 (1 atm) 


1.000985 





Handbook of Chemistry and Physics, 33rd edition, Chemical Rubber Publishing Co., 
Cleveland, Ohio. 

. J>JI OjI^J lSa. jjiij (iUjJ < ijLfciUl i_ £ j}\ <_il3£ y^'j J»UJ>l_j ^UjJI j! ji. f 



d ii. ■ ■ . 

Point charge in a dielectric fluid JjU jjl, J 7. ^ '- i^i 4-6 
+ * p " <• t 

i^U^JI wJJI jvii-^l Jjui JL-^JI . UU ULi >c5 iUI 

NY© 



r jlis <ij^ (4-28) aJjLLL Jl^iil u-jli" u>>^ f->^— -J 



47rr 2 D = ? ' ^ 



D = ^r. (4-36) 



E = 



4xKe r- 3 



(4-37) 



p_(^JzJ)« r (4-38) 



X^lll j* ijLil oi* j iiJJJI i^Jlj . ^u-lkJIj U~. IwrL; <^JI 

i^J-l iiHSGl i»*L~. v. Oj&S V u ' L ^ 1 U -> ' 

i^UJ ^^il JjUJI ^k- Jx^ = P.n ^kJI ol^JI cr*J Pf=-divP 
o~ ,J lii, < diyP v&l ul orf- (4-38) ibUI J^Uj . UoiJI 

. ilU-l oi* j SJui. 4-^1! i-^wJ-l LlSQj S\jJ" 



: o^Ul 

Qi> = lim 4tt& 2 (P • n) r=6 = - . (4 _ 39) 

6-.0 A. 

tj^l L^e^jlj ■,n\ Jj.XL.Cj . "UJ_oJI ^JaJl A^>-_5 i_*^>- i_Jaij 4_LaeI» ijtix _jJu_i 

^ K ojoii JjUj ^l^aJI J JU-I <ult If yL^I jL^^SDl JUM I iUL 

(4-5) JS^JIj . ol^il 




: Jl^l C>\+s£j» J* Jpjj%i li^-^J 4-7 

Boundary conditions on the field vectors 

■>tv 



AJj>ti, J->Jr tjJjLJI tju ^LoliJI ^Ja-JI (j I ^ji^j . (4-6) (J^Llll j 

ikij qa i_iLj£ ji SiliSJl oJjs 4.:..'* 1 ° ^ 5 *^ a ~" ^^-^ 

^1 yil iJtc JSll J-t S I I^L... I UtL*, Jl^-L; Leo o^'i • jJa-JI (J-t (3 

ijl (ji j t AS L^»~i <j-L~« 4_U ^Jiljij (_LaLJI ^ku i l l jAn H; C^a-*t 3 

. jLJa-.} 1 ! ^la.,,11 _^Iai £. OjyL lit *Jl<*J J' jyL« £-Ljjl 

(3jLji S -U...I I li* [^.^"4 iiJJaJI iodJI jloi. LI 
o-AS + i(Pi + Pi) x volume, 



n 2 D 2 
t 











.ski . ^3 


© i> 




c 



4-6 J£dl 

. ABCDA jUI E.dl J^IS^JI .1^.1 f W ,S jl^Ml ^ixJ! Je ^15" 



-U- 1 <J La. J (jSCi (JLJIjj 4J L* J (j5Cc '\j>sr U ... *s? 1 <j| 



D 2 • n 2 AS + D s • nj AS = <7 AS, 



(D 2 - DO n 2 = a. 



(4-41a) 



Z? 2n - D ln = t. (4-41b) 

<->] ' ^ ' Jit*^-J • dr^ a -'>" G^> J-oUJl ^Ja-JI J-c- 2jLlk.!l ijjtDJ 2.->U...II 
4jL-U» i-Jci- liJLft ,jSCj |J lil \ci iLaZ* o _j5Cj D i=-lj}U ipj^xJI i^il 

. (4-6) JSwll j (^Jtl ABCD jliil jLil J.c i=*~JI «i* J-J^ Lo 

£ * C ft 

: LjJ ^juj II) . J^. AD j BC 
Ea-Al + Ei-C-Al) = 0, 

(E 2 - • Al = 0. (4-42a) 

(jJa—^JI JL>-I O^Sl; <UsU- <UU- ojyJil O*}! iU.il tt7 ; 7,„ i ^1 ^jJU 

LjlkiL^I ol ' E , = ^^oH ^L^>j^ 1 U,,.j II ^15" Ijli 

UJ= Ja-jJI \j» J D j i^lj^l ol 1^ . y^l y» I jk^o u' v£ 

: Ory^JI (4-42b) j (4-4 lb) uhbUil i^fc 1^ . (4-27) ibLJJ 

-D2R = <r, (4_ 43 ) 

E 2t = 0, (4-44) 
i-J.Ui.j^l i^JUl oL.Lt * /, 



e- ft ft ^ 

— =* 

'j* J> i] 4 — E ■ Al cijl— u^jj^=^-° At/ -^i-l (3^i iLSliil 

-^^^ <il (j* LSjL- J*i Lfj 4 (^ojaiiJI iL^liJl ij-lj^l (J I Al 

. o^U-l ,Ji« j (4-42b) yjUil *jl5C *jj -V Ul^>^l 
i^-lj^ll (j! iibLJI Jl j _j o^iLcl j oj^iil LIS Li I j If Jjji»jj 

"U-yaL?- <j^l CU*-H»" _J . AiJiaJI <UaJJL 4L/2JI AjLjj D <Ujljj4$3l 

jiLil j ^Lal. 0_j5L i_Slj^4$3l i^lj^l (jia^i (jl (j* ' Sj»ljiU 
li J I <_$ ^ -U-I~o till is JJ^JLatlJ _j . 4iJLl> <_$ jjjj I 

D olsil a..' i <Cju» ^Jaij JJ_£ Jail ol^j J*-^- ii; <Lo_^~« Ja^ki- 

^ Owl# SSjj ' i^-lj^l ,_y> i-fj-ol jj-^o . 4,k >' a'.;.H SSj JwLc 

JSwJI (J I jiaJl) Js_jiail oi* 4jJaiu ul <j_J-> is-lji^l )o yaJ-. <Uj 

(j-jlS" u^j^ (j.*.; )a..'j_j . S 2 j S j (}i >li u 'JIj l^Jjl^ J^c "L)_j-j^I (_j4^-> • ( 4—7 

f D nda - ( D • n' da = Q. (4-45) 
js 2 ysi 




i Q = os^Sl AiLdl j <aJlL!I i^JJ dJbs <j£> J lili 

iSJJI U^-"^ ^j'-* 4 - S i (J^=>- i^-i^l yJI (j fl^aJ I 4^5" OJt^o'iJj 

oJla cA»j<J_5 ' ^-^^ JU-I jyuJ 3iJJ» iistl ci)L» cuilS" lilj . S2 J^- (j* 

. SJLjill oLseJjl j-l iaJJaJI oLse-lll 
^jl_}£ ilo-ilil iojjj-l jSLiJl Jj\— « 4-8 

Boundary-value problems involving dielec tries 

div D = p, (4-46) 
c$JJI pjjl ^ L*j: jjl Jjl^jJI jjSCj . aaJlLJI ajj*UI iiliSCJ p 'y y ij 

D = eE 

: dUi {yij 1 o jLLI S^s-Uu iljUl s^liJ jy: c-j15 ^ e 

div E = i p. (4_ 47 ) 

: ii^JI ,.^»!\ j^ll E ^L^^SGI JU1 ^ v<j 

E = -grad U; 

IJJ 

V 2 f7 = - ip. (4-48) 

. e ^ Sju e J^UI y» pi >JI iJU- j ^JJ iJLSgLl ibUlj (4-48) 

<J}U- itj^ aLJlL iiaii, ^c. JjUJI iSy^^i lu^ <jdl o^LLI Ji^ J _j 
^jSCc iLikll 4^»JJIj . JjUll ioL J^-b P = <j\ (3 1 4 4jjul; csJJI (V =J-I 



V 2 (7 = (4-49) 
JjUl pkJI ^t^r J* ilJJ» i-L^D Ji JSL1I ^ <j_j 

. P = e-bL. Jl^^J UU (4-49) ibUI 

^j'^ ^j^-«aXj jUI 4^_Jll^_5j4$lll <LlLiJ jUa,T.->- 1 (jSlt t^J-ijJ 

JuJI j \^S> ijjJ-\ ikJ_jj iilZiU JaLj^l JjL>- Jajj 

Jx- ^lls Ua jty-L— j 4 ii; _^JaJI ojy l^La- (j5Cjj (JjLj (fJU*_J . ,_jjLJI 

. J-oaJI j i»-jjdl JSLJI J I cJLaXj iS^-^l dijoj c£Ui 

: (JilL, Jlj^S" j iljU 0^ 4-9 
Dielectric sphere in a uniform electric field 

Lei . E piiu^« j^;^ L.LI <3>^- tUaiJI ^ Siki* J a U 

A la a.i Juj (jl • iS-J^ (jx- (ijl^- ^ o ^SCll u' (J I I • K 

eU'ib E oUl u'j ' 1 j SjJIj CjIoIjls-^I j.Uaj J*?! 

ijLii Jsa4- ' iy J**^\ '-^ JLLc -' • ( z ^Ij^^I oL^l) ^^JaJiJI 

6^»^t^ 4 (3-5) Jjjl j JU-I (jS'j . A. ala.'> oLiil^lJ 

4 oLiil^llI ^ Cry-y J "da—l^j ijjJ-l J»J_/^ 

t/iCr, 6) = A x r cos 9 + dr -2 cos 9 (4-50) 

JjUl iikd 2_JU Ul . iJjUl 5 jS^I ^U- o'lSCJI (1) £1 >JI ijikd wJL 

: aJjUIL; j<r*sj (2) 

U 2 (r, e) = A 2 r cos $ + C 2 r~ 2 cos $ (4-51) 



J»jjJLl L-Ja U- ; -: ■.'.■*•' i_^Jr <*Jj^£ (j* ^2 j Cj j A2 j Aj (jl 

Ju- iiU^I (jS^j • oLui^iU IJt»j S^sci- J-*^- aJjUJI o^SCJI <jl (J-c 

loUi yui is *zz au-i ul ^1 1 (4-51) j (4-50) c?aLLil o* JS" J 1 

^ dlli e.:.j (jl Oj- 3 ' aJLhj^- (jl L>-^£ liAj ' tjdtaLil Ills' (J I 

. ^JjUJJ iLLJI 4,.,;., la II 

4 olkzjl J_t UiiL# ,3 L^SCJI JLAI yLi iisvlll sj-jiJI oliLdl jllc 

Ol <_yUj . U, » -E rcos : j^l Jl o^J-l ^ Jj£j 

<_4*ij| . A j — E 

li.o../> (JjO IJlAj 4 . I jivs C2 C-jLiJI 4^_^9 Oj5l) jj Lo o^5vJl ijL^L 
L^j "}l <toj,£ i_-Jai (J Lj (J?\ 4 jS* jll JLLc i—Jai (J LS J yr- _j J_c 

j ojjj £\ iiiUI Jl dJ3 ci^U <y> iJULI oU JuS'tdL, . A V 

J L'L^ d c-o- Uxll Jl^JI JUI % J*l\~ ^ « (4-3) o^J I 

^^Su: 1^ i I ^i^> C 2 c-jIDI <*J> (j^SCj (iUjjj . AiJLkJI ^LstlJI Jlil JjLJI 

-LLjJI j tXsr \£ jjjj-l Jsj^i ^ C| j A 2 OjLIJI <Jb Ji Jj^aJ-l 

. (4-7) 

(jl (jlaZii ^>J'j JjUJI (j^u J^sUJI ^kJI j^. J4J-I j JLa^l (jj 

_jl t r = a o»_JI U 1 = • <j_^-j 
-£ o + CiO -2 = A 2 a. (4-52) 

CijU J^>UJI ^kJI ait D i^lj^L) io^JI i^^il o-bL. 
D r = -t{dU/»r), 

( _ s Ja^l (JjLJI ^Jsu. J* iiJi Aj^Jii J^s-j^) D r j JUtfu^l i»-J* ul 1^ 

_5 1 4 r = a a*J I jllc- D 1 r = D 2 r u 6 1 

£ + 2C ia - 3 = -A:^ 2 . (4-53) 

. (4-52) JibUl ^jlC <;U r = a -uJI E t j JL^^I l^A, LI 
: J* J^i (4-53) j (4-52) o^Lil 

4 3E ° (4-54) 



Cl K + 2 ( ' 

o^^l C 2 j A 2 j Cj j A, ool^lj i (4-51) ibUL jl 

pi j^-V> (r j } 4>) ikiij ijl -llc D j E 0^ J_c- J^J-I t j5lcj . i»^Ju-« 
JUI 6l < C 2 =0 ^ I>J c (4-54) iL>Uil ^ <ij . J^»UJI 

: aJ^I Si%JU ^jku <Glj E eUU o>£; S^SCII J^-b jU^SCll 

E 2 = ^—^ E °- ( 4 ~ 56 ) 
. 4-8 j£iJl aj^. 3^1 J^^j is-lj'Sl 6] 



(a) (b) 
4-8 J5^JI 

(b) 1 ia-lj^l i>^ki- (a) : ij£ ^Js^l iU^-i p fet . ; » jUj^S" JU j J-sU-l 



Force on a point charge embedded in a dielectric 

<Sjj^J Oy^> J*oy t^s- SjJjll ojiJI 0»uaj ^ £^>.J j 0^' Uj] 

oLi-l £oli ijli t i~^jJI ^JiJI i^j J^. ^I5Cj Ja* J I Ijyws J*&jil 

. <» ; )^ il ' 4^J>ti. ^S- ^J_}il O^ill ..... 



J* ^ vJaJi i^lll AiliS'j jb^SCll JUI js. J_^J-I LX: 

: £kJI J* >dl J^l£JI ^ F S> zJI J £ J^| 

F = ^ E'<x da. (4-57) 

JUI ^ tillj Lailj da ^JaJI jl^£JI JUwJLI > ^ E L* 

Ul 

E' = E - E„ (4-58) 
. a da ^yJa^JI ilse-UI _^Lp ^ £o'UI jL^SCll JUI j^c jyj E s (j\ ij 

JjLc E s trda ^L«50l tdUi _j < E JU I j E s ^' u' ^yj 

j»o(i)l la* J jvisljj.Aj u^UJi JUJJj o-da iis*±Jl J^Ldl ^(x)| 

ST. = <rE„ (4-59) 
j ( i»i»jLaJI <^->il olj^j^l _jl ) oUjjiSJ^I JjLiII yLdl llili 

,j 4jyLll tiL-tJI Oj^y-i jL^-^ll IJiAj . JwSjil (y <L-sJa~JI ii-JaJI 

(_JyiJI CjLwJ- -Ux <ul <0LJL>- (J I jCj ijl (_5*-^J • j*-****!! (j^Clj ^jjl oilil 

^ ^Jaj L_lw5 LlaJ ( i^.JUJ I j ^ LU I ^jJUai! I c ij^se^J, I ^ L«j^ ")! I ^x. o jj ji I 

JUI ijp ' iJaij o^j^il o^ill CjLj- c IJJ . E s tj I JJI JUI 

J_^>- oLlsliil ^jA -UJfil ^S"jO*j . ^iytj^ ^ 4 . Iqa . ' JI <LL3e-lJI ^^jlUJI 

. (6-8) jlJI j 

t cr da o>*^U ^^Ja-JI j^Ai jlJJI JUI J\<*J 6^^^ <jl j- 1 ^-.-; Jij 
. dJJJi' ^-J JLU -V; ' j*^' J V'Lui. j^jJI <p-L^ j j 

ijUJI jj- ^j' *i (jl i— A^$J i (_y^«-ll j*>4^l jv^ 5 j^jJI (jl ^r*^° 

: IJJ i 2 Tl Ujji LjJ^: ^wa^jJI ij I (_^-«s; 

E. = f e n, (4-60) 



\X0 



Oj5o (5JJI JjUJI a-j-U- Jii e j < j^jJI J^c- j»Uil j>*»JI Jif n o\ ij 

. i^kJI iiUSCJI ii^jJLc oils' \^» Jii 



E = ^n. (4-61) 



: J* (4-61) j (4-60) (4-58) o^LU 

V = JE, 

'. J*ejM (_^fr o jJJll e_jill 

V=if g Eada. ( 4 _ 57a) 

U_j < la?- 5j)jw> a oj£> Ux* jJI SjUJI <JI eilkU ijl^ j i_-*Ju.-« Lit 
t ^y-y-H (j-Lill Si^-L (ojc»-_3 ijj ) J^^r^^-M JLil j oljji^JI oils' 

j IJ^U ijl-UI j JL^SCjl JUI l^J OjSC; (i^l ! 0*J ul l^a5C *jl» 

~ajyai\ i .Eg i»}Ul ^JaiJ,! JUI lii Lei . Jvs>JJ SjjUl SiLdl 

5 ^SOI ul 4 (3-5) juJI j LU- Liilj jpl SjjjoJ-l ^III iJUL a^LL. 

. Q lAjji *Lj>w» J-s-^-J e 4JU^-L» JjL (J » Lj» (jjSCj aL^II 
<ju«j (jl (Jsfl—Jt ^ (3 _ 5) JuJI <j fL>- U j_. iiLLI oiA iijliLfj 

: jLL 

t/(r, 9) = U - J5V cos 8 + cos 6 + ~ ; (4~fi2) 

r* 4TT6r 

£7, = E (l + 2a 3 /r 3 ) cos 9 + Q/4wer 2 , (4-63) 
= -£"0(1 - a 3 /r 3 ) sin 9; 



< ^k- J-o <~*kJI i^lJI iiliS' 

<r(0) = tE,.^ _ a = 3eE cos + Q/4tto 2 . (4-64) 

ul jJ. Jjyi . (4-57a) ibUI ^ 5_jiJI [jwu Low ^ *il \j 
oU^L. <jj£> jJI i^il j* I yL^> (SjLjH (jJI s^lLI sju^I i-i^l 

: z I jo- 'ill UL <3t t e - 

^* = h C (^r)r= n cos 6<r{6)2ira 2 sin 5 d0 
Jo 

= E Q, (4-65a) 

F = QE . (4-65b) 

oy>}\ ' (_g--l~» "ill UAjjaJJI UjaJJ» E o U ;jlj^4^JI JtsA I O^-i 

. Q <-^tjJI jljJLa ^j-C- <L«^n. a a flj^wa 4jjLjL;>-J 4J3t*» (^"^ * 




UV 



«J^Jj X Jy £- £. .aill j <_,UaiZ^I oUlj i X = L j X = t >V^»:l| 

P. = az 2 + 6. 

. iJULI oi* j U53i i^LJI yi J^JL Ouj « ^ 

ibLil ^ UUi LUai^i ^ L JjU ^ 4-2"" 

P = At, 

r = ix + jy + kz. 

^l^Uj oJ_JLll ul (J...sai jlj C^jlj 4 oJ^Jiil 

R Jhi i_a^3 L <d^i> illi ij^jlj iljJa—l J^lij J jit s-^-^ 5 ' 4-3 

i-Uiil <^L)I (^iUS'j P (.jlki^l ijSlI i=W J-C Qft 4-4 



J P dv = J p/>r dv + j apt da. 
r = ix + + kz 



■ A^LJl^ (J"^ A-Laj 4j1 ^» LuliLo j^^ii <lj>tJl-4 (J_lc 

. [(4-10) ibUI div(xP) di : 

bJ=J 4-5 

J_t j-Ull j^aJI 7 U jji 2bjl_) ^aj_j iJjUJI SjUI ^> J^U- c-jU 
. S^jujJI j jl^SCll JU! 1 S^^jJI ulj-L4 LC-iiJI druy— il 



oJo-^J X l^I^Ji 4J^ei J-«-^:_J & o^JaJ l_<L*aj Jj_ji» (j IjJa— I t^*0y> 4-6 
Jl»JI -U-C- JLj^SCJI JUI Os- . £ i^j-U- Cii JjU Ja~"_} j t J^JaJI 

. il^L-^l j^jt ^ r > a 
o^jU oLL-j 4-7 

yojjI^Jl (jru ii^lt Jl?- c K 2 (jWlj K, Jj^l Ja-jJI J> C-jU (j I 
Jas-j J^sUJI ^Ja-JI flail Jj-w«JI qu (j^J>« 2 ^' U^JjIjJI lc*J ' 2 3 ® 1 

J^-IJI J^il . JjU of^i (S J-^l* 3* Cij>^ ^ 4-8 

LjL*aj_j K] ojOi Jj£ i^jU C$i JjU Jsu-j lt* ° a i-i*aj 

t$>l i)> iiJ. <4Ji • b ^jU-l „>i 
tiUJl cA^i^ J^ Uo ojji J**?- J J J*L. ^ • c (/r j^ 1 

J-t iSy-^^i U^ ^'-' ' e 2 -5 e l U~^^ U^jU (jUa-J *4-9 

d ojJU J*j J* Jj^l JjU.ll Ja-^JI J q iiJi» O j-J> . 5iJJ» iLsti 

<ul J^>Stl iku j jlll yz (iyL-il i^L iJ^Jj . J^>UJI ^kJI u» 



r = V(x + d) 2 + y* + z*. and r' = VW 2 - d) 2 + y 2 + z 2 , 

(l/4«i)[(f/r) + (?'//)] 

: a^JOI oU tiUi <> Sj^U . q 

q"/iict2T 

oJy l-aa-a ^ ^^So: J jjj-l o' ■ Ja^^i ^% V aJ^Ijw 

JSUI Jis-^) 9"A^l!lj q'il*JUI i^i dJJi i iy p^ 1 

.(4-9 

JL£ j C^>_j K Uj* OoIjj a U jJa3 (_i-aj ilj>k iJjU i>l^k^.l 4-10 
J=>liJI j^p JL^^UI JUI ijf, iiJ-k J-t iSfJ-^i isl^k-^l Cj\ c-Jlc 

. iil^Ja^^l J^-li ixil^JI 



j$Jr\ dj* (J JL= !"J ' ^ iiL~« Ijlrfiij ol;jUi-» 0^'>* uU-^J-4-11 

iju (t<d) t ojji ^^Uju a^L*** K iijlj JjLc (J^-^l . Ai/lc^-^o 
qo-^LII JjUJI ^ ^1 ^1 jj JjUJI j D, E ol^iydl (fs- . ^^Lojil 

ijjJ-\ £vk-JI J tjo-jlil (-il I jj* ^(^Ul jotlll JaaI . (jd-^il 

J^J-I t3^9 iS*^ 3 ' d l*jjJi iiLw« \^j\*ih" (yboy* oU-_^J 4—12 

jjru ii*?UJI iiLil jJLaj C$1 ) d iSLt^J K JjU t-^J J^ol . L}^J 

" * 1 

^ju Oj^jdl UJi' *(_^H: ^ o>U«jJ.I <jvj>-^J.JI ( (ju>-jii ! 

iijliJI Xikdl J^-b ( <_j ) j t JjUl jUb (I) jb^SGl JUI ^ . <^UJ.l 

(_?-) J*o>ll ^jill ^ eji-l (illi ^i^Lil isliS" JLp-j . Orp-^JJI (jo 

J_e (rp oLkiL^^I Jzr ( _ft ) . ^1 jill ^^lil ( ■>) _j JjUJJ (^lilil 

. JjUl c ^iJ! 

t £ j <CU*-U« J jlc JjU> ,j _yjJaj R li> _Jai! oLoj Ai^>^» o ^ 4- 1 3 
yl |A* bU . e 2 ^-^■U'' jl* JoLJI ^Ixjj t JjUJI <j Ui*^j jmj 

csJJI ^U-llI jL^^SOl JUi jar t Q (5_jLj 5 jS3l LLji (_jiJI a_JlSU I iiJlkll 

Jj^ <*Ji^JI_j oJuidlj AjLjJaJI 4_Lse*lJI iiLt$" (jvC_J 4 3jjJ-\ bjjS, 
. (jiuiJ-l jbj^SOl JUI >ft JUI li* Ol 0»jI • S^LII ^L* J»liJI 
. K 4jj^c OjIj JjU Ja-J ij Eg jtJsil*-« J^ 4-14 

: (3_jLo JjUJI J^-b ajj^S* S^sti J^-b 0>5Ciil JUI 0^ (J-*- 

_3KEo_ 
E 2K + 1 



oL»aj iijlc 5^*4-15 

,>b o'lLu-'jll ^ ^Ul JL^SCJI JUI jsr . P 0J i* oU^lj 

^-J3l ol U : ^^U] . depolarizing field olkn^l JUI 
cr^^ aJ->I— yCJU-jj^Jl j+l\ oU « J»UJI ^ xlc divP 
.[j> oull. yj JjUJI ul J° j^'i . U^-jU-j s^Jl J^-li 
ii^JL yku v^^-^l Ol vb53l IJ* j 4-16 

p = 4( (* + - «")■ 



MICROSCOPIC THEORY OF DIELECTRICS 



lJlS U»tv?_jlj i Jjl^aJI oLkiL^'j! ^w.ll ^LJI J^aill (j Li-U- 

ij-L* j (J^a.ll ^j^JI 4jl ^} ' £^ ^Jl J^all J}U- CjI j-. oJLc JjUl 

L?- jja j oJuLJI ^ j la.' H 44?- j CUilij < CS^^I f>4^'' o-iUI 

<JjJ^» Jc- ji-kjj ' JjLo-U iJL>_)4-l 4. . . . l a l l (J ^ u^lj • £j*ij^U 

jL^^SGl JUL; (-jUaH-.^! ii^lc (£Ju.j 4~»>M (_)llaa:,.l j jLj^Jl JUl 

j«j c$JJ t Jail d^LJI ^ (j\SL>*iL dlli (J I <iU>^!L>j . ^y^ll 

. .,)a.i„i (J->j*r £j>3* (J- 6, ^tt^lj iljUJI jl^il JjJLuJJ 



Molecular field in a dielectric JjU j ^j>J-' 5-1 

*L^L JjUl j a. Ja5r.„ll olJLji-l jjUII 

E m ijl ^JJJ 1 -^ (j— ^ ^il_jJI . ^j-laJL I 4 la a., ' . 1 1 J*Lc 4*i'I^JI ijoji' 

01 ' (4-3) jllJI j *U- \£ i 3* dJJj l-^— j t c y....ll JU^^^SGI JU*JJ 4jjLw. 



t JjU 4*Jai jJaii . jL 1^ (Ji'Jr^ ^ 1 <j*4j 

. JUI t^ 1 W W ^ 

. ^.,11 _^JI j J*»l>^ Ail JjUJI <y ^iyL" J-l*^~ aj-U^ 

ji" ^J! io>i-l o<4 ^> ^jp^ 1 ci l -V" u^'j 

olL>ll SL.l« ( J^ i Uj . g^^l JUI e^^^l^S^ 
iJaiS' (j-Jj t Sj oLUil oLJL5 UjLlpL. oLjp^l cjl l>>' oo^cl jJI 

^ iii^. olU-l oils' lil U» o^L^I lift jijC (fs 5 . iU>l^ 

aj^ju. ^ 3j c* Ojj^l. lij -uStdL JU-I jilj y>> I a* j ' ^j>^I 

JU j i4*^i>_jJ 4j>t-Ij Q . lai" ,.. I Ji iiLi^JI JjUJI ijl (>» jj-> l-^-> 

\£ (J\ U-LaJ j^jWjL-Jl^ (jJSs*lZ*J (j^ij^zZ*.* (jujl^l-a (j*^>-^J ^ju pial»L-a ^ ^ 

JL^I JUI (Sj\x olkiz^l ulj < (divP= y| 

^^Jl ^jU ji^JI JjUl ^ ^1 dJi JIjulJ ulSC^Lj . ojjj c5JJI 

j jui^ 1(5" o-Uill oLoe^JI ,_yo i^jJaJ-C 

E m = E x + E d + E s + E'. (5-1) 




Orujl^l c^UI ^ ^Ul J j^l jL^Gl JUI <J I ^ ,E X .b 

3_LJtil >cs ilJI oUa,S,7..^U (j-S'Uil JUI E d j i yu^^-lil 

£L- J* s-uiil i^JI *^1UI JUI E s j « JjUJ t^-jUl Otp^-JI 
. S J^b iJlSCll olLiSlI oLJU ^ ^ ^Ul JUI E'j S e^L^I 
t ^l^i ^ <;t « \j& E x J ist^i Si«a!i ul o- r*^ 1 £>j 

: Op ' U~ J iU^UJI iiLJI aJ jlillj u^^-H ->L»jl ool5" 

= (l/€ )ff, 

: o\ Le_j . Sjil 

°> = Pn = ± P 

E„ = - - P. (5-2) 
Uj . E (3 1 4 Ji-* j>^> j Oj^. Jjl«JI j c^rr^' JL'^f*^-" JUI (_^So Leo 

JfU J-^UJI ^k-JI iLal* D iJL^^^SDl ia-lj^U AjJ^-uJI ijfjll ooLf 

: Ajli c JjUJI ^jiJI ^jU- ^l^iJI j D = e E x cjl Lcj < ^1 >iJlj JjLJI 

e E x = e E + P. (5-3) 

: J^ (5-3) 3 (5-2) j (5-1) o^Lil ^ 
E m = E i E s + E', (5-4) 

iL»b IbLv* <_,»_} i <^~-"^ jLj^Ol JUL (_^!>4-l JUI Jaj^' ibL-a ol&j 

liLui^l up tfU j £ (5-1) J5Ul j ( ^Jll ^-ull jui^JI J-c j^aiSJ ^ 
. (5-4) jllJI j ^'Lu^ t$JJI ^_jj5^JU Ixui-. o*j o^UI j j_j5Ill 

S^ilJll 4 <fp = P n l^-j'j S-uiil 2Ls*DI ii US' ,jc Liu E s jL^Slll JUI 

£. ^kiJI U^I i^lj iujjSGl oLilj^l r ljL^L.j . S (5j>Ul ^kJI J-t 
J_c J^L 4 (5-2) J5C1I j ^ L/ P oIUl-^I ^ UI 



5-2 J£iJI 



J^lSCj ljL*- j ^aLJ j^II Sa-^JI ^ P oLkiz-^J Jjjl_jil dE s y> 

: ol Lcj . JsGl ^kJI (5-5) iJjUi! 

da = r 2 sin d0 d</>, ■ \ jj 

E, = • P / d«W cos 2 d sin d0 

47re y y'o 

vUai^l oLSLi ^ *,^1UI (5-4) ibUI j ji^^l jJ-l Jl jti Ij^lj 

pis' lilj t i_4j^=jJI J*-Ij (-jLUi'il oULo j±J> dlL» ij^" lilj 

diU ,X J lil, t Jl^ 

Uj jjl illi-l ^ ojji . E = £^-*^> JoJlLc t i_jLks"^l CjLjLj ^Jolj* (ju 
. <£yi>^S IJy iiinlil (5-2) SJL-JlJ ^>-^j o' KijLiD 

lj* . U-J cili^ ji E oU 4 i_sL^>l 

J anisotropic ol^l (ijLju JU^^SO! dl^l ^ JjjJil jJ-l y» 



. s jJjy »'A...S.U C)lLi>.»i.ll <L»j) k .' f (JjLJI <uiu 

^-1 ji^j . a U> jj polarizability 
Pm = «E m . (5-8) 

P = Np m , 

: Je (5-8) 3 (5-7) <^bUI £. ia^JI 

P = JVa ( E + i P )- M 

P = (K — l)e E. In this way, Eq. (5-9) becomes 
: £iLJ K J>JI oiU (5-9) ii^UI LliS" sjUJ L£x 

3« (if - 1) 

. Clausius-Mossotti — wsi'j^ ibl*- *j ii%JI oJaj 

SJbli ^ "<^-i'j=r ^'j** (5-10) iLLil J\ ■£o\£\ 

. 2 . : . r. i"}! lii j (j& ^^ Jl ; A-JL»_y4- ' 



: . S2J.\ olkiSlI oLJU 5-2 

Induced dipoles. A simple model 

jui cjLc j uij u> akx" <jji ^ i^kiji ^>li . i^jls 

jL^S" JU ^^ki Jjlc 4jUo«] fiLJI JuJI j (j-jJLL-j - Em <-r<h* - " -U 

i^r^l oLs*iU "Jilil 3^1^." 5jU J.. k;" olL>LI o.i» jj . 4~kS 

jJI C.Lj>i-l . *JLJI_5 

JJL. oljJJI Sj-ux* cAL>Ll dUJ^j c 2 j N 2 j H 2 o-j >Ldl 

. A j Ne j He 

t^u iL^-J tiast ^.-kaH js> oLj>U J^;^ ^ <jj 

•oiks I oULS jJ^ J I t I^J iJUl oLsJJIj i^ji! oLj%iJI 

dSUb jy» U j^*x> (jXr iL>r k.uilj . iLLsU olki^l oULj ^-Sj *^^r 
( _^_ r *^S' .U...t.,' I ^LA\ ^yj . SJjL# oiji^* oji (j* o£^> JjJI 

e~^M (_JaiJI jL3 ^.jyJ (Jlml jjSCc li* ' Sj-*U -k^ 

\*bl~*o~ £iy«JI I J* 0* J-^J . 4jlkiL-l iijlll <J LJLj 

JS* SJL»j4- 1 J j 3 J* jr^?-*^ (it^-^f ' yJlj SjjJI i^Li 

CjI>_5j31!1> ikt# ^L=r>* <Lsfci. olj> \js? ojj*«e> i\y <>• SjjJI 0j£-^> 
fjcr jwai ^.j j Lrljlo. jJal! oUjJvSG^I Lj . i^^i-l i>jl«i» 

i>Uvi-.l iLl*^ ^jSCx IJyj . SjJJI j £>y, <s\ j Uj^-^J SiJ^ iJt»-l tilki 
q» L-LI Ujp- ^yk^; jIju o'j ' «jjJI j e j' J - ti* ^.j^* ojj^^l 



. Sikd! <iUj ^-jU- (^1 R J^. jyj,; jJI jUj^I jllc ^L^aU 4jjL~._3 4 R 

. "ojJJI" oJLi (_jllaii7,,i^ll iJjli i_jLj» ^ IllSvj: j (j Lst*^l (j^'j 

Z _j ojj^^l ilsvl] iiLkil 4^_HJI e o' ' Ze ol^lll 4^j>*£, (j' tje j*^ 

4^iU Alat^lII uli ' Le^^4^ ibLL. SjJJI ul • (ijJJI JJ*JI 

(jli 4 E m i_,Ja »",.„.» JLf j ojJJI oOA C-*V>J I ili . ~Ze (5jLj Lojj^J^I 

o^ill (J^ju (jo- Jx 4 (JLiil (_)■»*-> ZfiEu Skills . olj-JI Jx- o 

iil^CJl ir-ilS" lilj -X U^lai oi*aj 5^ J^-Ij tjS^Dl i«-JJI *>i-l 

: IJJ . Zex 3 /Rl J ij*iJI ooa ow"!l 4.kr,;« <«-iJI j i-jjjiSO'il 

(Ze)(^ 3 /gg) " 

- ZeE "" ( 5 " n ) * 

J' 

Zex = 4ire RoE m . (5-12) 

: y& A-JLuJI ei* <j jjjlll (ijJJI i_J«JI JLj \ 
Pm = 

: ^ <2l)jb, 4 (5-8) ibUI ^ (5-12) ibLil fcjli. ^ jSjllc 
a = 4ire Rl (5 _ 13) 

aJjUI ^.j Ol^-^L. JUil J^j . jjL^ ^ iuiil ^LJI j.. 

iS^Lt, . a <j^i (5-10 ibUI ) _ u-jjj^ i)^U^ ^ (5-13) 

i^II im itUI iJjUll ^ R cijJJI JUI J^i 

£oLJI ^. J^j-. JSlli J^J iaj^kJI oJy LjJlx. J^arfi (jJI R g j . Lo^ 

Jas-^) 10 1 m <^t 4 ^jjLXil Ujai iJ ^ jJL: R . Lc^L. 

. ( 5-1 iLi\ 

^ i*J oli (5-13) j iULli 

lij-j « K J-U-JLJ ijU Js. Jl bj^i; tiUJuj 4 i_.Jbi:.„il JUI 

. yLi- -gL J;UI 



cSlo _ l yJ- s i w • 4^ kail oll.jJ-1 5-3 
Polar molecules The Langevin-Debye formula 

J\> uJai JL5 *> diLf <>■ hill £o_)i-l 0» <J1 jA-JI J^l J ^ 

iJL**. J^U- . oljJJI ,y {jJSsX- cy J*"^' <i* ^r*"^ *-^>M.j 

J I tijj u^> ^ jp-i ji oUjj^SO'il Jii^ -u t/^./4-l i>>&Jl 
jS" ^ 6^ jL^ Jj-^r jjiSDl ^ t^Jjjj ' ui^aJI 

li!_5 . IfrJ LJUI oL^I J., k; . >• iL.>il Vr>ll oL^lJI 

JUI L_.Lt ilU- J 4.. laSr,„.» LaUop-^J ( _ s Jai JjU <j* 'Lu* 4*Jai bi^l 

1/ ilk* iJI_^lc dUUL i^Lki^l oLJU 6^ < JL;^' 

(5-3) JS^JI J 

P = i Z (5-14) 

OilS" lilj . ^j, jsfUji.ll j (O^^ll CjUJjJ-I J,«,L.l £»i-l Jilt il 

JUL1 




Sijidl c-jLks^ 1 CjUU Oj2U c ^^Jai JjU J* jljjiS' JaL. lilj 

. JLAI oL£l l-juoIj-UI J I iJ^j: IjIji^ fjj-*-!! o-i*_j ' i-jljjJ 
J-aj lilli a^cj t eJ-iJl \^ ^=r >! W» ^15" (-juoIj^I 

: ^ j ^Li *i I i»J» J I I la a V. . ~ "ji 1 
P - = - V P«- (5-15) 



MA 



^obJI Jn-- O^j • olksl oLJLj oJ^j y»_j ^p-l jyt tl>Jtst s^U 

C-*i j ]^ otlaSr,.^! u ^n,.j IfS' . ^Li^l A*Ji <j* 5jU t£^' 

oUUi j f U! ^\JJ\ J_j-ai-l J I JjUl jUiilj . JjUl 3jl^ ^tjj 

4jL>jJ- ( (_J»i ijLU JL«jJI ^.JjJ I Ja^,yij (_jLj>- jj&j • iiLit iJlj^Lft 

: £. i_— -LS T 5jl>5- ijrjj j W AiLL. oli i^-. <i>>- jUJ iJ^J ^' 

e-^* 7 ", (5-16) 

T J (Boltzmann's constant) oL«j^J>; cu>12 Jii k ol ij 
<lJ (fb'jl If . 5acUJI oi* (j-LSl J- ISO I ^jJJI o^l ji-L-j . iiLLH Sjl ^i-l 

. 1/2 mv 2 Ujji ^LS> iiU, Shi JjySll f UI jUI j olL>LI 
Ulkll J^J ijl ^ (5-16) IbUI J WJI jlill W oli i.UI o^l jj 
. iS^ J- UJI LU, . L. W p ;L~.l50! wLkJIj W k 

-rt/tr -w p /kT 
6 e (5-17) 

c$jLJ E m <JU j £^»>* P <y lj i^^JI iaUa-JI uJ 

TFp = — p • E m = -po^m cos 9, (5-18) 

j ^Jl ^ « jtj^Jl JUI J* j^*:^ 

Lji^il (ijW iL>L U«JI JUd JUJI f >JI . U"^^ 1 -^ 1 

^U] o%A j 5j/ill Sj^WI r !a^Lj . P cos0 t^T « JU~U 



MS 



( Po COS 8) = fP^Bl^^!!^ 

f e +P * m co 8 »/*r rfQ ' 



(5-19) 



JJLc d Q (jl ij 

E m j p ol Lcj . ijjl^ii u j o^jliJt ol J* < 2 " sin 0d0 

: JS'ill L-«j jji-7.ll JujuLuJ ol 



2/ = 



_ ppE m _ 



(5-20) 



: U^l J I (5-19) ibUil J,£ IJyj 
(p cos fl) = p [coth y — . (5-21) 

. 5-4 



" 0.5 




2 3 4 

2/ = PaEm/kT 



5-4 JS^DI 
CD Lxs. iujlilll 4»,all . ZJIj ^.j 



o^Ul jllc ^Lfill UU yLJ'il (5-21) ibUI of JSCU! IJL» ^ 

<j] • y -J pill -CP ^yOtJ-LI ol c£~j 1,^ . oJjJLlJ! 



\0. 



Sot. j oljiiill ^ cSoi (y « 1) a»-l_jj) ^ jil^j ^ivsl y 
a*: ^^Jl lii, . L>" 250°K ^ J*| Sj! >l ol>jj oJu UU» « JLAI 

^1 ^ 4iU t i^il ttkil y» (5-21) ^ 2LU.I iiLdl j\ U, 

i power series 4i„>Lif l^^c j±*jJ < cothy ill all Sj6 <jl 
ail Jij JjSlI ail ul asi dJi a^,, .(5-4 iLil <JI Jz\) l^J J\ 

^jjl IJyj t (5-21) IhLtl j 

<p cos 0) « ^ p o2 / = 22_5! • ( 5 _22a) 

COj-bj . i_JaiJI jLH JUill Lk^iil J^ill cy L v (Pocosfl) oil 

i_j 1 k ii r i ii *^ I d^-i 

P = N (Po cos 9) 

: iLTill (5-22a) ibUl Juttf olSC-^L ^ -ul*, . E m JUI oL>t> 

N WkT Em - (5~22b) 

vllal^l UjM o'\ pel* c (5-8) IbLlI ^ iJjUl oiA Aijlixj 
: cijLj (oJaiz-il JUI so^J ^^1 ^Lzi\ f > L. 

(5-23) 

orientational" i^l^l olkn^l iJjli 4_^j ol o&L- 
dlL^ « 4l^U oL'LS 4>UI oljyUI LI . "polarizability 

iJLlij yujLi J I cS.>jj l^U i (JjLJI j-lJI j jL^c^l jJajj IaUop-I j^II 
. a ^>jj"deformation polaizability" i^^JI ylUs.:..^! 

: j^l J5jUL> i*Lt 5j3^ *V^I oLkio.^1 iJuU 



a=ao + 3H ; ' (5-24) 



Permanent polarization. Ferroelectricity 

<JUI_, E m ^ ii^Ul Ljtj \$ .iijiiLl olL>Ll olkii^l (js. Jj>JH 
o-L_^ o^UI ,Ji~ j • (5-7) i_J.>L*U_, sU*d» E ^1 JL^I 

<_S0 j . <y> E i->jXi L.JLLt E m (^i^o I-Vj ' E £. olklX-^! 

Ujll*, . <yUI olLu-W U>! l**~^> (5-7) ibLil 0j£ <-».»> 

E JUI 

E m = ~ P , (5-25) 
<JU Jl c5j_J-- 4 \*yry Po vLk^-^l 0^ tij <Sj>-\ 'j^*~> jl 

<Ltj_)J-l <_■ »liaa7.,„j <J^«u ojjJu JLAI IJiAj ( <Lo_)J-l (jlj^^iT 

: ^lJ 4 N y» (*^' So»-_jJ oLLjJ-l ijs. lij 
Po = N*E m = g P , (5 _ 2C) 

ijjSw LjbLc Jyii-t^J Ajilnil oJ*J 

Po = J 1 

3T - L (5-27) 
(jlLu-J J>^U f j3UI J^JI JJLi *(5-27) ibUl 6l a* I-Vj 



jSLi ijjti Jjil yjSL L.jllpj . ( 5-1 xJ\ j *JI jUJ.1) E' JUI 

iSy"i s . caSl oHjUI ^ S*>«i (5-27) iJiUI JljuiJ ^ < oUI c/JU-l WH-iu" 

I Ji ill U 



oia (jfZ t---JI IJukj t Js-I^l ^ Jii JV«/3«o (Ja*i 

j js»* (5-27) ikUl j J^dLl J»yJI . <5jL^I oli Jjl^JI 

^1 . i^^Li^JI iljJU i~~J»luil o^l^UJ s>L. o& V^^ 1 
U> u-^SS s^UI oi* . BaTi0 3 fJO UI e-Jlv" ^ iJ^J^ 1 ^ 
S^jjJI »i* ^oJj . 120°C ^ Jit Sjl^ oU-jj j^c L2b L-J.U- 

u"^ <iUij « L (Jl il*ju. 4,-y . oi* u>£> • ^j>1» oljiil 
u-SUl JUI IJ*j • olti« 7 ..^1 U S\A\ UU jyl" i^JI 
. ILlJJ ^x±\ J£JI J* dlli j Iju-u. L. Iji^ M oLLu^U 

*j Juj ^i j^ oii»iL-iU ^lii juij 

ii jlilU 4j£ jJ^\ il*jl CUil^ lilj . Ifc^J (i-ij** ol^L 4,, h~a:„ .A 

'■ J^l (i* L^J- ' 

E d == - -L p. (5-28) 

•jUI j JJUI ^l^u-'ill o\ .(5-1) jllJI j oUjaIi li UJ. 

■ .IU;- Nl y^Lu. JU *yrj*i ^ <J 1 fV" *- : - kiiT„ , U ^^^Jji^ 1 

oL*JI £. c»o->UI ojJ-l otj*dl < ji*. Jl c JjI*jS aJuJI 

JU- 1 ol >c . (JjJU; JjU <->Lla2:..l iJU- j (iiJbfe ^ L.Lc 4 oJLiil 4^»Ja_JI 

JjUJI 14*^1^. j iiJJaJI oLstlll ^jiJ « t£Ui ^ J\ 

oU*JI ^ « (5-5) JSC^JI j Otr- t^-^ 1 • iJ ^ iLI oU * J1 

i^JI J».b t5 uJI JUI . I^ISL. j iiJjJI oL^JI ,UjJ J* s-uill 

iljU SjU 4jI ^ 4, 1»S:,„U 4.:..,«ll oi* tSJJi -Ux-j . ^p-'ill 

. j . U«r... » j<_t 4j 



O^kUl Cwj 1 ^ 1 M^^ 1 cr^ 1 " ^> LkL ' ^ 




A-jlS" t L^rjU-l i J\j}\ Jl i-^l*- i*^U> i£jLi> 

ibLl ^SGj < ~'*yry $UI ^i^ 1 

Uj*" (J^ ajjli (jj^- 1 <-t»-J- < o ^S*! i olj"}! ^L-l j rt. 't^ t jJ-^ 5 _J- a ^ 

. (yrjU-l jLj^SGl JUI cjLc 5JU j ^p- ^jJj Ltkli^l ol 1^ ' + jl ± 

JUI liU . AJ^jJI J^S. 0$r>- i3 j» fljciJL*t> + jl i J-uJI 5*1 y (^.3 

j c-jlUa.:,.,^! sUI ^ISl*:^ i^ju iL»- jU-l 5 J^U i^UI 

JUI y-SC^ J^U- "\ i-JLj^jjjH^I s^lil j oLk-^ll 

0^ (5-6) JSCDIj . W JUI IJu» o^S^ yl 0&5 ' Jt-?^531 

X J^^^l JU- i j y jyt- v^-^ 1 f>-^ cf^ 1 

4.„^ia.^jll o^UI o^U j <Gl ^y^Jkl lift j£i . iL IS" 5j>^ 

J^ISUI (j^II IJ* <y^j • E J i^J Ji" Jjli. P J dJL» 

^ ^iljj . "oii^j" j^uJ hysteresis LAS'j . U>\^si\ i J3 > ^> 

Jl«li C ikUl Ul . + j ± oUail-'il oLJ' 0^ 1/ ' I >o 

\3t 



olo_)»- j CjIjJJLI c_j IJ-aa.7 *^ I iJLU (J^y*^ iii\juk j>Jt»tI*»! 5-1 

a i* g.jl .[(5-10) ibLil cpr-f^s c^j^LdJ ^LLoz^^l oLLU) 

(ilki <jJI oUj_)4-I ^ iL--j *Sw-^ (5-7) t^u-> 5-2 

. oU^lj jUiL, (P m ) fJ >JI ijjLz. oLLsi oUSU 

0J1A i3 •^'^i ^ ^J»l_jJI (j*J • j A^j_^jL I (j^jJj o-f-lj 4joJj»- 

lllJI juj^I jljJ-l (j <iUi (jjj i \+Le- a jji juj (Jx. jjj olL_^>- eu*» iLj^l 

I* jj5 jJ-aj c~jt xz (iyLJil p m j*- iJ^JJj . z j y j X 

. (x J3 A\ g 




— $-? 



5-7 JS^JI 

• P m °> V-f"" l^- JS" ^Jl Olij^JJ JCiJI ^1 1_JI ^ f> 

( (j^-jJLjli 4jjJL)I CjUmZ-^I iJbliJ 5-1 iJLil i=*^l> fJL»«i-l 5-3 

ujU .E m =3xl0 V/m 4ijii 



5-1 ijLil 



i^Lil cothy dU « e y eiUi iijy.il aJULII f |j^U 5-4 

j csy-l .(5-21) ibUll ^ (5-22a) 

. (5-22a) SLJL1I 

. <A>>(- Po Ct^*- 1 -' U^-^J 4j^l*il o-i* ij^-^jUs (j^jil 



ELECTROSTATIC ENERGY 



fljlii-lj ~ejy£ hrji J I (iLilSLil j JiLil ^ JoJkJI Ja^-J Cr* 

A-Jjj jlLc iiUJI J jJ» ^os*JLJ O' J-aII (j^ *jli IJy:j • iilkJL iiLlil ^j&lill 

i.jJxL. 4j^ Uli 4y.lL. iijjJaJ < 4-5^j>- ti>»-!_J A-^IS" iili) (J I oLstlJI 

juJ ^LSLjL*. (-ij^ c-^ iolj iuist^, ^.jlj.'l, aJ5CJI oUJI £l . i^SLjlSL^ 

^ iliUI iu^lSCJI iiLLJI a— Ijj y^U- J£lij L><j...„. II l-U>j . o.lS' 4iUs 

. i^-jL-j^^^Jl iiUaJI ,jJlj oLswLI ibLiil iJL^^JI ol^UI 

Sitklt. JxJ^" U»ii 4^J 4JL;U-, Jj0 S3l iiUJI o> (2-4) juJI j 

>v^l (work) Ji-Ul ol is-sJ-lj ■ M"-^ i^JI j-^v U 4J-.ISCJI 
: tijLj B £^>U J I A j^>>il ,y Q .1* j-^ 

= /* Fm ' A = ~~ q ll E <R 



= qj grad (7 • dl = q(U B ~ U A ). (6-1) 

Ut^&l S^UI JiuJJU J^U: F m iXJlC-H 5^1 jLi^-l f o» Laj 
u>^lil 4-1 ul J^- i-ij^l oJu> e> • jLii J»lii ^ iLil J5" qE 
ULkJI j J-^UI jiJJI (6-1) SJjULI olj ' J-e-^ 

. B iiaij (j I A <LLii ^« lAli^j'i! "Cj«-1IJ 4«5wtl«.j _/4^JI 



l^L^ j^SCf ( yLi' ^yla.i gjyl IJLJL^j tfUxll ol iLii- lj . Ojkdl 



: iJLiJl oU^Jl ^ itj^ ii«l£JI oLkll 6-1 
Potential energy of a group of point charges 

IjJu iJaiJI oLotJLJI (>• m o - * ijjSC iLSLjIjL. ijilkjl oj 

A.. Us,: II oLstUI u^Sw J^l iJU-l (Jl 4Ujh:«.U iul^JI iiLkJI 

iijjJaj 4iUaJI oJLii ^c. o>*aJ- 1 (j£fj . C$>»-^' u* l»ljt>-l jl^^ Jju ^jx- 

so^-I_j l+Jbr-j oLjtUI oi* ^^cjj fj^UI JiiJI <_jL^ (iUij 4 L. U^i <Jl^ 
I^IC j U^jj Jj^l iiaJLJI (_Jb>- ol tyy^ 3 ■ *r>\r ^Ul o« <-5>-^l jij" 

ojji (JjuI J; Lai J <_ 1 <LjtL)l 4^9blJI l—J^- ul -^-J ' (J^~" '- ^ ^*".' ^ 

AW 2 = (6-2) 

47T€ ri 2 



ul ij 



ria = l r i " t2V 

AW 3 = g 3 Tr-^ 1 — + 1-^-1 • ^ 
« "oL*iJI AW ^ LjU oLJI o> m w- C?*^ 



m m 

(6-1) 

^ ^tr,,,. k = j ul Jl iJUl ^4-1 ^ J* s^jil (') i.%J| jcU SI 

■ ^41 

i*JLll ol <Jis-^Lc dUij c L. iiL* (6-4) ibLU i^liS" 

: tSjLj j iJaiJI iUawllI juc U Ji4J«il iJl^JI 



^ 4ire rt J ' 



\<JA 



m 

W = i £ gjUj. (6-6) 

^ '^Ju Jl^ JjU J^j j iJrfJI oL»JI ^ ^ 

(6-2) o^lxll j e JjUl J^l S^W- £ o Jloji-I «iUi ^ j-l>JI 
^.■r.-j . ^ ujJo UU- J* Juii (6-6) iJaLdl U c (6-4) j (6-3) j 

_jj ^ ^aJ 1^1 . L. UjJ ijij^ Sji^-^l ikWI o-^ o> J^l -^J 1 J 



: ^9*£i Qjy^ ^LjIi^j j4^J 1 Silk) I 6-2 
Electrostatic energy of a charge distribution 

^ Ski— aJ^JI U:JU j i-^UI i*jkdl ^J- >-dl Ji^JI 

ol juj j . (U A = 0) ojjS oli ikii ^ <Sq ojLj J5" i*J 

2 . j U : 1 1 j LLjw iki JLLe J^J-I jl (>>ji cr**-^ 0* 

j ,5q Ujji; iLiU>l i^i. j^>>J cJ^JI J^l • U(x,y, z) ^ 

: tjU. « (6-1) ijluil t ikiJI ciLL" 

8 W = [7'(x, y, z) «9- (6-7) 

iLLJI Ju* J 1 S3 W' oi * ^ J 

ikiJI jl^ _jLa^ JI W^UI jl . 5q=5pAv oj^" ^ ' (x,y,z) 

J^^aJ-l LlSCx . ig = «<rAa 5^11 oift oiL._>JI ' 

. (6-7) y^UlL U^" jyJll >dl J^JI v± 



ciJ! c-J^JI y* SUi~. gr^UI gjyJI £~=^ aJJu f j^JI JiJI U, 

^ ij* jj . 5u- M ( sw ' 8 ciO (J^ji j oi^i 

Jx- 2 . j U : 1 1 ^a£- (jl J I j»cLz» (J^Ll; 4^J j fc » JI ■U jh . ' , 1 ,1 S-^!" 

l_~«JI ( _ r A^J ijj^J .nil OUl^llI £>J^ Ul • JWJI U**>J 

. oLs^UI ^»J- CiUaJ- *^ ^U-^ (<^l <j* 

SJJ- Sj! jlLc ^L^UI oliUSCJI uU i <r(x,y,z) 3 p{x,y,z) JljJL stk~ 
oliLSCJI »i* j obL^I ot |^ . aff(x,y,z) 3 ap(x,y,z) Lj-j 
aJU. *ljsrk> • ^ = (7 (x,y,z)(5a j 5p = p(x,y,z)5 a <^^J| 
i_iL_kJI (6-7) L-bL*iU 4. ,l>^l J-SG j-J-l 

^ = /o" 5a Iv P{X ' V ' z) U ' (a; x > y ' z) dv 

+ /o Sa L ° {X ' V ' Z) C/ ' (a; *' y ' z) da - (8-8) 

: 0*4-1 

U'(a;x, y, z) = aU{x, y, z), 

oi* ^ ^iujjijjlj . (x, y, Z) ikiJI JlLc O^aJiJ 4JI4JI i»~iJI Jit U u' j] 

: ijfill ci 1 (6-8) 

W =if r PUd V + i f s a Udai M 

^1 t iU^. ULsrt j^^: ^Jl oU^Lai J*il (6-9) ^jUI 

. Jlr.„„. JSllj UJ-Uij ^L^U! i* > kJll ^ o^U>^i! J^j ol i>« ^' 

<4L~ c> k- J* o^UlScJI ^ ^ (6-9) y^UI jJ-Ij 

i L^ iori <rUda=iQjU >' (6-10) 



<JI (6-9) ibUl Jjj: IV, . j J-»>il Ui^ ^Ji 2L*Jl Jl Qj jo: 

IF = i/ v PU dv + <rU da + i^ Qj^J, (6-1 1) 

eJL,. i_>^!l ■>■■ ..'.c j . o}L-«>U £jk- J— c i • A_iJJ» ol__3tt t>«~alJ 

: J^l J I (6-11) ibUI Jjp oljl-^^l 
W^iZQiU, (6 _ 12) 

. J,^«ll liA fjli j ibU.il si* ^1 ^p"-^-"^ i-o jki\ U ^LU— j 

j LJlml ^Jl (6-6) ibUL (6-12) ibLil fcjli. o'^l ^3 
i^JjUI ol Jj^l aIajJI 

o^L^jil c..o«.t'. tiUi t iijjs*^. j^c cj^U»^c Uljj (6-12) itaUil 

^ j olkail iilkJI jl l-VJ • 4-j«-lll y Cj\}\)'j AiU>L gjj-ClL 

Jlsul jJ^j . iJlJJI iiLkJI Iju'lj J;L;il _^UI iill, J^J (6-12) ibUI 
olos-j JSli (i^'ill >U oj^-I j iJaiJI ol^lll o-U- (6-6) ibUil 
V* 5 *"* *'>f ' O" 4;-ka.JI 4^>vl!l ^JtJ »>=*-^il iiLkll C'l ^ l-V.j • 
. SJU-I oOA ij oJ_j^-_j^ . iLJljJI iiliaJI (_» y>j U ^jAj i jjuj>\ 

oL^-lJI '• » £~*?tjj l^i a ' Ot»JlJI ^jUaju ^jwij^Ja^l Ol ^l>Hj 

AjLS" jSCtj . (6-12) ibU-JJ J-ioJI ^AsiiJI Jwj 1(5" i A-JxiJI 

: j'^l JiCJL ^jj. j J^ll 

Uj = ^' + u »> (6-13) 

0^4-1 J^" U j2 3 . j J-sjII 0*i e ^UI o^J-l J^£" Ujj Ol ij 

(6-12) iJ^ULI J,£ ll rJ . ii>-S'l o^La^l l^Ljt ^jJ\ S^JI >tS iUI 

: J'^l Jl 

w= i'EQjUn + ^QiUj,. (6 _ 14) 



JSO, . oiU^JJ iikil iJljJI olilkJI Jit ibUI oi* Jj^l aJ.1 Oj 

4-Ja-jM iJLJI (JjjJaJI J* „) ..7...J c iQjUji IftjOij 4 iJli iiUa 

OjjJaJI Lj^ij (_J J*9y. J5" J* <L»Llll £_)_>J 0^ tiU^j) J^>>11j 

J*ai (iUlj j Jv>>U Jil jj (iJJI JUa-^l J^i-I ol li* • (<*-; iL^' 

oJlS" J <dUi . ol* ,^1* t (6-14) ihUU 

C^s- ^ oLoti 4j LLf IftOi ,jSCx C-^r j^S 0r>- J I Sjji^> O^L»_jil 

li "ikUl" J* i^JI 

iJLJI tij^kll ^ iU^~o iJli iilL J5' jLoxj (^So: tfUi . 

iofclll JlIc Oji-I Uj2 y jJIj L>oL 4 (iUi Jl iiUs'ilLj . L,, iLjM 
^ : ...» ojyuaJI O^Lsjil <Lc^oj£ isLkll (Jj ' j A-JaiJI 

„jlS^L « (6-14) iJ^Uil JUUI J±^~ LL jj^I uWl j 

. (6-6) aJjUI 



^\l* 3j 6 JU ttUJI Siltf 6-3 
Energy density of an electrostatic field. 

„ « ^ • • • 

U !A*ISCj (6-9) i) jUII j Jl^lil . iaJiiaJI oLo«-l!l 

. oJlui* (j^SvjL* LJli- iilkU iboJI ii--rfsJI oJlAj 4 iLbliC iljjlaj ^.jb.'^ll 

LJulSCj aJjU-. Jl l^Lj^j (6-9) iJjUil J^ w>l;j cjIjj^ 

ijj4^il_3 . j p jj^ll^Jlj ojyT 4jlA1> i I lj>jj>i Jt»-Lj Liajl 

jLul (S'i jij«-» *LliJ uL^-*^-; C$1 ' S^J^ ^ ■ ■'-»■■*. 1 1 i - j 1^ : 1 1 ij\ ^ Js^m 

£-f; o' u° j*j dUi J! AiUs^ljj . Aa.,.lh,ll ilse-DI Ja^# oJj-K 

AaJU-Ij . J^^il ^_jia— yLLj c (T 4 4 5,. Pall ijjtUJ LjtJa_JI olil^lll 

4 4^*«- 4i L^Hjuj ^Lli (jrJjU ^ ii^UJI JjjJ-l Jx 4jii'I^JI iot^JJ 

: cjjJi^UI jij iLJLj^SCJI 45-ljML. oUko^j oUiUS3l 6^1* • P 



P = div D 
<r = D -n 



^Uu c JJjUl j^UJ j LJo^iJ JjSlI is%}\ 

: J^l <JI (6-9) yjUll Jjp IJ^j • o^^il c> k- J* lii^J 



' = hf^UdivDdv + if UD-n da. (6-15) 

iikai divD ifcj l^J <jjJ' iikdl (J I cy «^J-l J* Kill ju; Lftj 

^l^- : « ^rl»„i,ll J^l&JI LI . O^Lsjil £jL" iikJll oia_j t jjL*aJI 

i t »U'5ll JulLzll r lo^L, (6-15) ibldl j j/^II J-lSCdl 

: J^t La ^Ij « (1-1) JjjlLI ^ (1-6) 

U divD = div(7D - D-grad U. 



. ii^LJI J,»,«.r,.,J tdllj ju«jj . jlcLzJI hjlkj ^L,. J^lSo Jl oj^->u 

E = — grad U 

: <JH\ t^JI Jl (6-15) ilaUl Jj£ 1-v.j 
^ = ^ • rfa + if r D • E d » + if s UD ■ n da. (6-16) 

J-.1&JI *l ^ji-^j (iJJI S + S / ^\t,J\ . iliUil oia Ja^J L*i O^lj 

' (>lj*- Cy U_jSw £tkJI IJL»_j . V j^J-L Jauj£- cS-aJI (^Kll ^tajl Jl* <jLc 

Jix S'>~^l ,-J.\ 3 t o^Ldl j o^U_jil ^ c> k- S Jj^l >£\ 

aji j^^l J-lsCdl jj . V j^J-l ^jU- I ^ n'i^l ^U-l LIS" j j 
liAj . V jv»eJ-l ^ jj^o 4j| j^jj li«_j 1 J^^il ^jU- jyij n jj^*JI (jl 
Ji^) j^SlI J-liCdl S ^kJI JjSlI ^^Jljl J,l£dl oU o^JI 

6-16 ibUI 



jt tsJJI jlill ^kJI ia-L- U . r -2 ^ Lj> v- 1 ^" D ^O^ 1 ot ^ 
l+J ot lolj • 1-2 t* r J*; J* j«j yp' ilai^ 

il^L J I S'^kJI jbutt. lili . r 1 £. Lj> <_~Li 

< ^^11 JU ot uj»> lib 

W=if D Edv (6-17) 
. o^il lyM. (ijU E Jl^l JUI o\* UU» . A-usrt, »U*Ji 

(jij— ji ii* oj jfijii ^^e^j^i yUaJI c" ^ 

JUI J iilkJI ot jy^> 0> f^il o** ^ ' cr*" J-*^ 

jii. y-J y> ji^Z Jit J* j>^l IJt* ut cr^ (6-17) aJ^ULIj . Jl^l 
Ujji iillSy i*j>* SiUJI Oj ' Si'i (Jl *»U>^IU 4 0>y 1/ ' J* 2 ** 
iilkJI f^il J^l oLj>JI Jl Ui^j IJ*j • p=J-l 3^>J 1/2(D.E) 

: j^LjLi-j^^SCJI JUI J 

w = • E. (6-18a) 

t Uail Jjl_yJI o-Lt J* ^ ji u& (6-17) ibUI (jliiil ot U, 
j ojjj jJI iiiLil ot o* ^* '"^ ' e.V-^ 1 jrf <Jjl* J^ oj* 

0l JL?i *Ji*j . jk9-l_jJI ol^l oli Jjl^JI J* Oj>^il oi AiUI Jj^iill 

: i/^ ^^J 1 (6-1 8a) il^Uil 

w = ieE 2 (6-18b) 



Energy of system of charged conductors. Coefficients of potential. 

<jJI i^lllj j^L\ c# <M- *»3U 6l (3-12) .uJI j 

CT< = £ P'A , (3-51) 



. £J _^aJ! j o5L«_jil ^ N lyrj 5JU- j J* iljUIl oJu» <jUli,l oj 

j Jjl_j* -^^J j Ui>l ^waj (Jlill.'ill lift (jl £*il^JI jj** dUi £oj 

oJJoj . j (J*^jil Jx- AXj*ijJ.I AlscJlJI a-b>-_j f^jiUJI 1 J*i9_jjkl Ji^*- (_^lc 

. coefficients of potential o^J-l o^LU> s^U o^Ull 

^ Aj^SL. iej^ji ijiCjll^j^SCJI AitLII jt*>u (iUiil ^ (6-2) jllJI j 

aLUII aJjLII eJjt ^.j jllcj . (6-12) itaLU jjosJLj t o^^il ^ N 

: J* (3-51) 

N N 

f=iEE (6-19) 

quadratic {i^J <s'\) a>jjJI ^ iJlj oLLil 05SC; !J <( , ? 

p.i = Pa, U) 
ijj;- >• P y (2) 
j ^ £*J- P» - va > (3) 

aJIjS" W ^ ^yj ^1 (6-19) UsUI ^ jl ^^aJI ojj» Jjlj 

: U W (Q, ... Q N ) (it < oL^lU 
dTF = ® = * £ (piy + Pn)Qj dQ l . (6-20) 



J* Jva^- ej_J iS'i ol>- u* dQ 1 S-U-J • (6-1) ibUI 

dTF = £/, dQi = £ Plj g y dQ x (6-21) 
j-i 

J i^JI ^U! ^ ^I&l. UjSi oi (6-21) j (6-20) yUaUl 

: ul (j-* Lu^e Jjj I Jut j t Qj 

i(Pu- + Pyi) = Pn, 



Vn = Piy. 



(6-22) 



(jl ji-J : <LliLui! Uij 4JLJL^- (jiCo^i cJWl (_^>-JI Ul . 4jLSj} 4ju ^Jaj 

* " * e 

j U» ul LiA»-^J t j {j ^ i) ^iCJj o^Uo^il oJ* J^-l UJui-l lili . 

J*a£ "il ^ <iUoj Ijiv* (ijLj J*>>il lift jjUj (jJI i^-lj^l io^i- jJlc 

Lf c iU-b J*^- Xj j uW^ u- ^U^ 1 ^>^- ^ (0 

J*ojil Jji-lj Uilj j (J*o_jil Uj^j -U> ■>} < _/=>-l <J^>>* <J»—I_ji ( -r l > ! ? L * 
oift jj . U; J LjL~» eO^j- o^So ctU j J-Lcj c Jllil J---* i 

oU k J^^ll «>!:> j J^^l lilj .p ij =p ii ofZ yU.| 

. JU-I j k J^^il L*Lol L^j . p ik = p i j 

ikiUI Jp^I ^. jjuJI j JjUx; j j^^il jjl o-lj^i (o) 

J*l i (jU^I 04^ u^ IJJ . ( J^^. J^U- ^ Uj) i J^^il 

: ul (il ' j (jUtfjil 

( v>- r Qi ) Ui > Uj, 



Pii > Pij. 



(6-23) 



o^jJLk. : ijSlI ijLil i^-U . Jsu--j Jilt Pij o^LUil Sjuli -£^>¥ 

(JjjStJI ^Jl\ (jl • (ij^JI J^>>il jJai i_a^aJ Jii R j T >R i^>- < T 

"ikiJI"_j Q Ujos iljti, ^yj- I cuilS' lili . P 12 = P 21 Jl,*!-! 

1 

P12 =* P21 = 



47re r 



: dJ-lj i*JI olL 6-5 
Coefficients of capacitance and induction 

^Jl (3-51) iJ^Uil 

AT 

°* = £ c aUj, (6-24) 
y— 1 

M\ (fsj . eJ.| j,u, (» * j) C jj iUi J^U. Cji ol jj 
. J|^L Pjj y^Iju c ^ ^yJJ (3-51) JLbUU ojlill 

p o^LUI yalyt Jlil j l^lu^l ^ c o^LLil (j\ 

(2) ca > 0, (1) aj = en 
I iJL OjSJ cJ-I o!)UU^ (3) 

^■\v 



,U**"tf (6-12) ibUL (6-24) ibUI ^ o^-> 



(6-25) 



: ol*»^ll 6-6 

i«J>L~. ol* ' <S I °J^VJ • j*""^' £k-l_jj ^>=^* Oj^^' u' (J-c 

li* ^ 2 j 1 0%°^ J^A> (6-1) J£LUI j Vui^JI 



tfi = PnC + Pu(-<?) + C/ x 
= P12Q + P2z{-Q) + V 



(b-26) 



a 




6-1 JS^JI 

ol j» 6^ lil « o-jtS" o>U < 4jV p3i = P32 ^* • u^Ai 2 j 1 o^Ujll 

. 3 J^JLI IjJuj* ^1 i*lJI _^kJI ^ 1 jl#J-I Uj£* ul <_^->) .A* oiLajll 



\*\A 



: J* cS>^ o* ( 6 ' 26) ^ C> ^ 

Af/ = [/! - U 2 = (Pu + P22 - 2p 12 )Q (6-27> 

ul jdk*! J0i IJij « V>* tfjLJ U&t i^iJ» 01 yr.^) • Q 

j>N JS^JL (6-27) 
Q-CAtf, (6 ~ 28) 

C = (pn + P22 - 2p, 2 ) _1 

' li ^* sJty^J ijjfliil <Lj»-11I (JJLc C £*ol^J! <y> j . 4«.,."J,I 4j>-* (j^-^ 

: ul ci' ' jl eJy I niks ^LLJl i^-s- C Sj^j olj 

1 farad = 1 coulomb/volt). 

: iij-JU ^ _U » lt* cr^ 

IjUf J4JI ^ UjSC t JLLll J~~ J* < IJ^j • UJ^ 4ju>J i*JI uL> 
1 ^ ji\ <j* ~<>£l\ 4JJ^I t J-»^> uv^l>la-j 

tf >Sl ^. - : " omi dJ^j « (6-2 Ji^) C#j\yl\ u^^\ oli 




6-2 J£iJI 



nj-. jlU-j . iJliil ilU-l J ajujII oliU- Ju* JUI juU 

2? = ia = £, (6-29') 

AU = Ed 

r « - eA 

1 ijjLlll 4«,.„.7,.U ^ J-"*^ cJj^' A«,,..7-o,U (jJuo^ll Jlp-I J^ojZj jl (j<,7«,.j:.,. 

J_£iJl) JlyJI J_* f'LjJl J-^ydl LJu>j < ( 6-3 a J__SCU1 ) &-j\yS\ 



\jjttj t "Lcj^ji I fS. A^JlJ^oJJ 4jjL~» O 




C 2 A{/ 



c 2 ; 



At/ 



(a) (b) 
6-3 JS^JI 



c = ^? = Ci + c 2 . 



(6-31a) 



4jUl£il 4jl~J! 0_J^-> IJLij . 1 4 ... a 4jj*JLll 4*~JL* (J^ (J-*a^- ijl 4Jje*lJI Jais- 



- 2 J ^\ 



0- 



J* 



(6-31 b) 



Forces and torques LjIjjjJI fj>)lj <5jiJI 6-7 

<L£_J> Lt—j I isLkJI <_jL.J- (JjJaJI ^ IjJlC- J-^aill IJU j Uj^i (jl J^-" 

<U j k .' ,1. j»Lj«- > ill JL>- ! Jx- o o^iJI (jl ljlS OyJ~* ij^lj • 4— 4 .j k : I 

jjj L.C J . <L« j k ' I I e -ii 4^^_> II*. J I I ii ^a-a ^ L. (j^Cx 4^Lst£, 

4 . !■» ii i oLati-j Cj^L^5_j-« ) 4iLrJt oli^£* oli iljJ^L* <L«^la_L« ^ Ulj Li I 

(jl 4^LjLi».j^4$' i^-*^ cjLj^SUl oJi* jj>- "i! ^»^J( djl^t-j 

Jl» j i.^iajll o>*-J li-iM j^Ljl^Lil Jj-lJI uj • dr Ujji jyws <^>"lj] J-wo 

: (3jLo cijjJaJI si* 

dW m = F • dt 

= F x dx + F y dy + dz. (6-32) 



oLo- J^. Ci£-i u'\ Jill I li* ul* *Jj>> i-vjliiU oJl^ Uj 



dW + ™~ = (6-33) 

: ^ (6-33) j (6-32) ,#JiLil jv^j 



*• - ~ aJ (6-34) 



. F z j F y (^Zji'jJJ (J.jy^> (JjC J*^- u' J^J 

.ii^LJI JIjuI—I ^jSl.^ 4 tjvu> jjA Jj*- jj-u ol (jj**^' j^-^ U- * 1 **- lilj 

: ibUlU (6-32) 

<iW„ = t • d« (6-35) 

^ JS" 2LliS^_, . k>j\J\ dd j JL^&I JIjjjJ! r >JI J^i t o\ il 

g.j I? w . (d» j, d 2 > d ffl .3) jfri.Tj.Ta)*;^^- itta* d'0 3 t 

: J* J^ (6-35) j (6-33) c^UI 

T, - dW 

X ~~W 1 > (6-36) 
'--(f) . (MU) 



JUL, « *Jj>. I J* il^jJU Q JiJI >^ll Li^l jiJ 



»i* e^yj dUi Sn. jjii . e i ji x ^i^i 

. Luf ^J! o^U-l oU-irt (6-36a) j (6-34a) uU^Lil ul 

JJLil ^ >-l jj . iijlS i^JI JLS ul (jj^ y?JI 

J* ikiU o5U»_jil oift <y^J ' &%<»^\ j-^L. J* Ifr^L AiJJaJI 

(s^ll »i* j ijlOj *->kJU >4I g^l^l J^Jl 

j Sjbo?- ii^ ii-fc SiLkll J«p- ibU- (jSG . UjjI (6-32) SLUd* ^jkw 

^ ikaJJI oift 

dTF + <^ m = dW b , (°~ 37 ) 



(6-37) ibUI t>< dW b oiL^ ol cj wj 

cJ_jJI jj t i._jkJll (j* >>■ ^jjl >J u^lj .(6-12) ibUil o~kcl 

(ijLJ i dW b i oljlkJI ik»l_jj SJtf^l iiUJI ul (J I iiU>^L) lift 

jl ^ ojjS j^r dQj IL^UI obl^l ^ JS" dl^J f j>UI Ji^JI 

: cSjLj JiUI lift u' (6-1) itaLLI <-— • J-o^ 

dW b = Y) UjdQj. 

i (6-39) 



£. £~U! f t (6-37) ii>UI jy. dW b eijj- iJjUil j* Jl^Lj 

: J* J^i (6-32) iJ^Uil 



rfTF = F x dx + Fj, <fy + F 2 dz 

(6-41) 



1 ~ V teA, 



J^U- iijU ^ylJ -5>ai-l ul ^ (i^-JI -^"^ J*«^-J Laj 

: J* J*a^ ol ^Ll* V^^J ■ dr wljo^l is-lj^l 



= 

\deJv 



(6-42) 



(jo-_jJ Oli 4»~JL. : LjSM ilLil JL»-U LtO oi* iSlkll iaj^ J-C Jl^J 
O^U . d Cff-jU\ tljo iLoloJI iiUilj i W <U»j£j b i^. JS' J^l» t^rujlj^ 
(j j* O-J J t Ujji ij^-U" <S* JjUj C^ 5 "^' <>jyA^-\ 4 at» . 'l l 

^jU- b -uJI »UL JjUJI ^Ul lili . AC/ c ioU i**i \ e4 ^- ? 

i (6-4 Jw-^) X*-dll Ot; x ^ ^ ^ 

. iju-jdl j <ul£L. (J I JjUJI ^_j)JI ojUI J-c J-jJ g^JI iyS\ *-l 




h » =H 

6-4 js^ji 



W — eE 2 dv 
Jv 



Wt 



: J £ wdl ci!>"l ^ ^Ul jb^Jl JUI jiSt J>k 

: jy-^ (6-41) ^ S_jill <_>Ll>- (jSCc dUi „LU-_j 



F x = £(« — «o)w — 2 — 



: ^~J3^ (J* iijjjil SjiL)l 6—8 

Force on a charge distribution 

(iJJI j^il . (4-10 jjJI J I jJijl) JjL J^ai J J;,^i:ll ^ 

(■ " (. (. " 

: JiOl JUI ^ cE s tJ ^*JI II* 'uj^I J^ 1 
aT = (E — E.) d 9 . (6-43) 

f.\jJLZ*\ t JU.il J^— <ji 4 iJaij i^i J* e^jil Sj^Jt uL>- 

jl^sgi jui q. w-^s JLkuJi %r ui jj-^ 1 ^ 11 ju^sai JUI 

l^L* ^Ul JUi ^ i^U JoUil jj5tjl uj ■ ikuJI £fy <j&> 
ol t>&^ obl^-^l »Ja tjSGj 4 i-b^JI j *J^b olsl**-] (ji.jSC: (Jl (i^jj 

UjOi iiU5" oli 2ua.Au. Osti jU^ S^il S3UI il£l ^jSCcj 

: ^ IJy.j . (4-58) j (4-57) <^><*il ^.ju <t (x,y,z) 
F = j (E - E„)<7 da, (6_44) 

4J3UJLI E s JUIj . *U£, ^1 ^k. J-lScJI (Jai. 

:(4-60) 

Wo 



*. = 2j n. 



(6-45) 



j UjIj i ij+oy Jx 5 e^ill ^-aj IJi^j . E g j i E 4 ^Ja-JI 

: i,L- t (4-10) xJI 



J 1 



(6-46b) 



: (ijL P dv ejJ i Sj jjii 

rfF = (E - E.)p rfr. (o-47) 

*■ i» ^ 

li^j . aJ^J j£* E ja \jJ^o Ij^S \ t ,- J s r E s ^~^> Ijj-j . dv > 



F = 



= / pErf,. (6-48) 



: iJLjLwj^l oUziJ (^Ljj^jyi) jj^l.^bJI j^LJl # 6-9 
Thermodynamic interpretation of electrostatic energy 

v"^' 1 ^aJI i-»U- Sjj-^j . Jj^lj ij^^l o^Lsl^il ^ i^kd 
IF = D • Edv, (6-17) 



<UuU £jL> ciJJI JljJIj . ^I^JI \^u^u 3 Jjl_yJI ^ JxlScJ! J^i, 
f (dL^b^jUl) (5jl>l <2L-L.jJI >; i^j ^ W^i olSC^L > 
IJu» J* LlsriU ?i.jkulJ U^-IJI iiUJl ^ W JSCs; Ja >T yucj 

(j W <^ ^i>/\ < W jUzil J\ >yu o\ ^ JljJI 

. ia^LuL! iX^Lo^j^JI y^l^l cSOa-J iJ^Ju JilJI j Silj_>JI 

<flF,= TdS + dW m , (6-49) 

j jiidl dS « U»|jJ| iiUJI J J^U-I jjizJI Jii dWj o\ ij 

. i.^kJil J* ^LjlSLil Jidl dW m j < (cMj^O (ijl >l j>-aiil 
J I SiUU 5jl >! JU-I ^ TdS ^SOl . iilUI 5jl >l ^ T j 

jiiJI *^i> Jx Iajujl^ (jSCr dW m Ji-JI j s ^Ljjl ol ^o\^\ ^.j 

« ju» (ijcju^i) i^jisai oLLxjj dWj u^-ui aikji j j^,u.i 

jii^ i*le Sjj^aj ej\jp- hrji j^SCJ . dS = Lj-i <j?& (jJI oLLjJI 

ijrjj J* juJJu" ^1 J>JI c-l> j^Z \$ c ioJiSGl £ju~JI J^jU 

oi* of, « (6-9) ibUll ^ isii* (6-17) ibUI ol b . .jl >l 

J}1»- (^LJ ijlliLI J_)jJI c-j!_jj J° ju. LJuos- ji 5 jv>- "ill itaUil 

Sjl^J-l ijjLjJll oLLjJI Jx L.1jaJ j^i^ L^ic Ll_)J ^_«aj « ^y^ll SJu^ 
J* dW m ojj^ tjSCx La.j . isothermal processes 

. dWj 

F = Wi - TS.. 

: (6-49) is^Ul ^ ^LJI S 0,3 -' J^^j -^^j 

<JF = dWi - T dS - S dT 

= -SdT + dW m . (6-50) 

\W 



^ U> JSCiJ iXJti-j^l iiUJ! ul Jytf Lui^ IJ^j ' dW m J h 3 \^ 



wa 



j iik^. Ji-jy (J^- 3xlO -17 -uili.) gj- ujp^'\ 6-1 

JUl olf • E= 1000 V/m ej jJi Jl^ JU ,UiM 

. (UjJ/ 1.6 x 10- 19 
U_,iai j a = (^-IjJI U i_i«aj) SJjU LjjS' 3 jJi (ibJ 6-2 
uSllj . iJl^ ^ Ait— l+l,^ q ( k = JjjJI e-jt2j b = <_y>-jli-l 

. P„ 4......-1&*. iili^ ji R o Jiai l_g..,flj (S3 j£ <iL»jJ 6—3 

JJiUjJ _/^LU J-KjJI iiji (l) : tjClijbu QjySi i-JlJJI iiliaJI <j*c 

i/E-Ddt) < JUl (|? Lo (iJJI <>l£JI ii>> (o) j t (6-9) 
. R o j l»« 4..'.-x-.t, l ll p k 7 .' » iS3^ uj./^-M 1^*^ 6—4 

c j oj>50^l Jie in) mc 2 IajoJj o>£-JI i» U» <jl <>>J ciUiSj 

o ^Jai > Ojj^l^il 4ll£j iJ^tZS ijJJjJI ^cviJI ^j* 

. R 

JySjil (j> d JUo ^S. jjijj q Ujji J-*^J ' kii ' 4lL.bc. j^lt 

J*<u-l) V^jVb iU^il SjSCJI Jx. Allil AJjt-SJI JuJL. . (ji j^L; J^aZll 

. ( ^^i* 

. (j^^ Jj^ Ja<*j j Cjt^y&y* 0^+°y <j* ^>^~» X»y\^» 6—6 

Jj'ill JjUJI ^jJJI . c?JjLc ^ (ju^ljZ* Cjf-y <^li S*-ju c-*l^> 6-7 
f < ( e a -c^-Uj <*2 jlill JjUl (^1 4JLo-Uj d j *£*-.) 



4jjl^ ijyju •Lpj+ioy 3 La jJaS ^Lj^-^ aJl<9j^ Aj Ij ■» 1 6—8 

(J_}1— > 5j 1 _jJa— *iJ I 

C = 2T«o/cosh- 1 (A/a). 

(3-11 jlJI ii^) 

J4J-I Jji J**- . (ijl^JI Jx. obJu^ ul^Jt- uL^jly ulix.. 6-9 
<dj£- c-jU JjL ^jJ J^ol lili ( Uji o>~?" oj-^j *f>*^' JaJLil 

u^'i iij^JI (Ji JL^JI tiLiSCJI o* 6-10 

c—sLlSCJi iJic jIjl?- ^ ijjii* dl <3j>!l <jl y> tills c- j i Lie iolt 
: ^> i»-JJ iiJ^I ii^^aJlj . AU jiaJ-I ojLj -iu. 

C = o + b(AU) 2 . 

jb^^SCJ! tiL5Cjl iiltU ?<^. tiL£) b j a ^LUI ^yJ <il^& 

? ^LjUj^ Ijo^Ij iilkJI ul J« ? U^L« u>^j LjuX 
O^j ' ^2 J T j li-aj t ^11 U.I-twi (jUUo>« 6—1 1 

t$_jLj JjLJI j ijj^sU iilkJI ol j^l^ll oLJ-l e~5l . Jjle Ja^jj 

C(tfi -~U 2 ) 2 /2, 



dlj ljj>- ojywa iiL^ ^lyia 1 < j^-l L)Ljljh...l Cy^°y 6— 12 

LJbli JjU JjL J^-Ij 

J_c lj»^-^J (ju oj_j^til 4a U ;„U (Sy-£ ' CJyj'^*- 4 < - J '^ 4*«JLxi 6-13 

AiLllj t W ^i>j£.j 1 jJLj i*-jdl t>» J>i • K 4J3X. ojli JjU 

^ t UJu- (AU)q o j* ■■k..L:j i*-jdl oia . d L>^e iU»liil 

(Jl 1 juJI olf L {j>r JjUI £^JI i_o^ <fUi -Uj . t> »Jjl jJl^x. ^ oJu^>i 
t3> l^JJ Jjjj (^Jl iUjiJIL. ( l) . X *ju^X\ Ji-li jil^JI >j4-l J>1» ^v>l 0' 



VA. 



(J I 50 <U-JiJI *Ja^- oj_j^aj ojjiJLa <LjI^A A*~JL« 4jc«» JV>-J 6—14 

C-jl^" LjiJ_E- 4«,,i.r,ll aJA j^X cJji ij^jl ojji J$3? (J JaL«- . 180 

? will 
~o jJJ * 6-15 

i-a.^.;.U Jb^SOl JUI ul t>>! rilis-iU] fJJUl <>Ij 

^Ja-JI + op 1 U I (jw f ' (J5vlUI Ajj^SDI S ^ j^Aill 

. ['Ljo jti\ dU jj^lJ cilS" iSjj£J\ 
<^->l cro SjjlSCJl iikiil K U>_^c ojIjj d Lj5C«— iJjU 6-16 

(J-c JjtxJI j° jo (l) t 4j>-mJi1I j (J-t Sjjjil <u^j Ll^_3^4$3 I o^ill 

(jo ojyu^ A-j 1 ajb o > = ! e - 3 ^ ^ ^ y*-" ( J ) ' I ' ll z^*"^ « 

j UjLj ^yijj in-Jill >i <jru 4 U J4J-I oj IfLt ' I £_jJ_j JjL«-ll 




ELECTRIC CURRENT 



JU-L- J«aiJI IJub j L^Dj i v^Ul oljj*JI £. J*Lii LS" o^l 

iLsjil iljll £. Lil ^ju IJiAj . j Lip "ill jj^iu A^^xiil oLa^JI 

o^liU <ijJI (0-4-1 aJI J* <J ^ lLo^I ul t£Ui < iJL^SUll 

O^Lajil t yMAj "5t <_i^*JI . (2-5 JuJI Jl j)aj\) . i5"jJ-l isJLt 

. UjjI (imperfect) L.UI ji* Jjlj*Jlj iuLdU oljUlj iJ-Jjj&LM 
li* j ^j-^L. o^-i j^^ 1 i^L-J^I jylSCJ SjjUI iikdl j ^l>JI 

. <ULv_)l ^^Ji' 4..',-»tM,ll Jio c5>»- 1 o^U- 

j ^LLuu ikii iia«jLjl JIaU^ (^-«_)JI Jjull 4jl I jLdl (_> (jjl 



T dQ 



(7-1) 



J^U iJyLil i^JI jU Jli Q = Q (0 ui il 

ju>iJi cjji j* r vi ii» lu* jiu ' jh-^ 1 (/ mks r^ 1 

: ol jj-A^c jwsl^JI . jt~*\ CijL- (ij-^ 1 tH^ 1 



NAT 



Nature of the current. : j ^1 1 iu—o 7-1 

. (7-1 J5^JI J^^i) U cij^LJI c^ai j j^l^ j ^ ^ 

cUij ol^^l t^Jiat u'\ cf± ^5-^ ^ 3 ■ °->^ **** 

ul Oj^ i>." j 1 ^ 1 ^ ,j;> ^ ^ ^ ^ ' °^> 11 S? 

. oL-J-L> aXJL-j^I Oljytlll ii-jJ 




7-1 J£i)l 

i^il O^SlI *J»-I^ LsJjj^^ JJUI j Jl^SGl jUJI Jl^; 



objj^l ^> ic^r-j til objj^l ^ Uj" jl y tiUi ' 
aJUIj vr^l olij^l d\ cy. J* Jfa-* ol o*J • tf>^ 

JSCUI ii-JJ-l oi* cr L b - C 7 " 2 J^ 1 -^'j eL ^ 

i^ill J* jujjJ iki; i.1 >c Jio jJI i^ill jU» tfUij (7-1) 

.Ul OjSC; u l jJlL^I ' <W Cj, jW ; ^ V^'j ^rr^ 1 

J5CUI Ji^) jUJI oUI jyy (iJJI y> Vrjil 
Sjj^j . iJUl i^JI o^Lib > y-TUI y» ^JJl < (7-2 

J* Jl* JJ- lili . Jl^ JU iUi-l Jb^JI jUJI t^Lj i.U 

o^UU, t JUJJ f UI ots^L dl ^ L^ll i^DI o^ili J*=*~- Ail* oW« 
y^SS ifUl oIjLjJI ^ Dl ^ IV* < JM cr^l« »^ V UI 



®- 



-0 



-0 



©- 



©- 



-0 



-0 



7-2 JSLiil 

Cu vr>il **> 0* J^ 1 Er* 



i^il oUjj^Ij oUjj^SCJ^I ikJ* jLJI Jio ;liJI £>" ^1 jj ^ 

•jji gjvJI tii^JI J* oUj^^l 5jj»_ oH <£Ui» « *»*t 

" t ^1 TaS*- o^; oljUl j J^^'j • '^~- e ^ 1 ol^l 



\A<5 



jj- iJUJI oift j i cascading ^Lill iLLx oj^ *Jm <~»sj^> c-^-j 

" # £ £ 

jj* oloLaj J-»»JJ 4jIjlJI (j^ ij^j^l j oJyr^il iLJlaJ I CjLjjj^I ijl 

oi*j I O L) JJ^^ I J oUjJ^I Jtjjfi! £^Jj lif-J ( iljUjdl OljjJI £A ljjJ> 

t y*i jli L-l (7-2) j (7-1) <>15ll!l j ij«-lJI o}Ut> Lij^» oiJ 

iS'jJ-l QS. %QS *ijl>»- f-T L$ 6^ l-V.J 'V. 

i^jJ-l ol cS^^I *^-UI . i^ULl plan* Jlluil Lj^c ^ 
If c cilkil j oti li ILJ. i-L.^:^ jpl JLJI > i«JI tf^J-l uL...,.j 

£.j . (7-2) j (7-1) <jjj£jLjl j i^Sjil 4,1a,,.. II Sjj^aJI Jl^^ JUI ^dij 

cijl ^ jIji^-J j J^^l Jl. iistlll JLiii^! 4.;...»,» oLLx. ol ^ tilli 

(iJJI) 

. Jills' o jJbliaJI ^v4* |ivJ (^-^ 4juai^ aj^<aj_) (jL—J-l; *Jjl ^>J- 1 

^Jl oljUl 6j 

c Ja-^JI cbU 4^1)1 O^UU iJLiU'ill 4^>l Jli olj-UJI oJaj . J^^l 

Jil_5-.JIj oljUJI j oojt jij . t^JLc'ill ^ L5"L uj^Li 4-ui; Ja-,_jJI LI 
oi* ijc. oIjLj j»j t hydrodynamic motion ijiL^Lojjju* 
(jJI ^yJI li* ^ oIjLjJIj . 4jll5" ^c. Ja-.^! i)L>- j 45"^J-I 

oJdj . conduction currents J*J-I c-ljU J^JI JUii^l ^ 

^ 4^ (jJI JJ.I oljU ul ii^b • >4-l ^L.^" j i V*' ^'j^ 1 
j J cy^ 1 tMjb-"il ijlT' ijLe^l glj_>JI J^U j/^1 

ii'^S') ^l>JI j ii_j^iil cAj-LlI ol 1/ . JoJi\ jJa- ciy 

W c*^ 1 • U;l l> jLj jJ> JL^JI fUJI j ^iijj^^l 

iXjL-j^JI Li^, 6lj c \Sj>\l* 5 j£ iJjUi. cu^J L-t JJ-I oljLiJ 



\A"\ 



rojl^i^l ^jU, ,jUi Jills' 7-2 
Current density. Equation of continuity 

* * * * - f 

(^ej . N <_s ^i-L jv*J-l oJa-jJ oljliUI ja«J j t q Ujji iis^i. 

ul &t . (7-3) JSClll j y» \£ da oL J^U- 

gJI iLs^UI Oc-^j J^JI . v<5t Ujjui iiL- & jsiZ l^L JS" 
JS" j ^jj^a* Q (ijLJ <5t iJ->!l SjiiJI J^L*- da ia-Lil j\iJ. 

4^ii! soa-j Jl ^ n -ja J\ ol jj ' v.ndtda ^^i.! L_p£ <^JI o^iUI 
jwsu* J-^- u' (7-1) itabll . da i>-Lll (iJj^JI 




|. n • vit -j 

. St UjJ i-^j s> JiU da tS^-JJ i^ill o5UU tf>l 7-3 JSjJi 



J5" jli i i^UI O^Aili ^ ^ ^ j^l J-c ii>^ Ja-^ 1 ilj 
4A~uaJl djjp ^J^^J • (7-2) <Lbl«-JJ lis j jUI {j.£~> ij ^l........ . 

: j^l Jl da i^UI J^U- jlil jLdl ^ S^ydl 



\AV 



dl = [£tf,-3,v,]-nda (7-3) 

i Jy ^\ i-SCJIj . o^UUI ^ iiLyll Jf juJ-l JJS ^ 

: IJJ . J <J ^J-L li >jjj jLJI jjftjJ <L»£Jl 

J = Z>.9' v - P- 4 ) 

j SjJlL_« ojj-yiaj J^-Jjj oJLul* <L«^ 1^1 . <4^tJLo A. ^Ui'i ill .3 jLJI iiLt5" 

y» mks if-^-jj ' ^-^^"Jj^' k^^kd! iJLiUJI o^IjULI 

: ij^l ( 7 " 3 ) * JjUI ^ 

«?/ = J • n da, 



: iJ^!l ii^l (J I ( i^-e i^-L^j 
/ = | J • n da. (7-5) 



itaLil oia J*«lj . ijjlj^l^l iljL-« J i-Loloj aJjUlC (i^p-^L |,*lji»-J 

ft ft «■ 

Jl^SCJI jLiJI . (S) jli, jJx- (7-5) ii^UI ^,J,o ^ ibUil 

: ibLil S jliil ^kJL J»UI V ^1 ,>jb tjJJI 

7 = - ^ J • n da = - J div J di>, (7-6) 

ft ft ft 

(^1 4 ( _ r -S'L«II o Lsi "^L <c»-l)l cjLuj Uj^c L^-^ I jLjJI (J*sr <j jj 



SAA 



cijLu « (7-1) ibUI V-*- c I jUJI ul '. J^-UI ^-3 V ^U- 
: ^cUj c V j^J-l J^-b (jl iL»fcUI JlJ <^-«_>JI J -Anil 

'-3-S/,'* <'-"" 

jj^jH A.. 4iLlil I (j^* ' (V) A.»— ail Ciolj jv=*^- (J^lnJo iLO L> j 

i ^_>JJ ilb l^^S" ^Uii j^^JJ SJIj ^ p (j^ll . Jaii p ill Jill jJy^* 
(J^lj (J I (J-«--> L«.LLe- AiLLLa »n i -Cwjjb AiL'.'-'i'd, I (jU IJukj 

IJJ . J-IS^JI 

/-/J*. (7-Tb) 
: IJyj i (7- 7b) j (7-6) ^vJjUII c$jLj 6' 6^lj 

X(i + div j)* = °- 

J*j£ JjJI oJU»-^JI o' le^ ( <L« • ^ »J>« a J 6^ V |»=*J-1 J^=*" ' 6^ 

Ojlkil iL^JI 61 <y Ja-_jJI (^a-i - (i^ istot^ (7-8) italnil 

itaU* j*-t I Jul ■ Lg**^-\ tliJi Js» ISj Wi*^J 

g + divj = 0. (7-9) 



( 5-JLisj.il jl) yC>JI J**s>lll . fjl 6>ili 7-3 
Ohm's law. Conductivity. 

JL^I JU1 £. Ij> <-~L£ 6J*i1 j J jLJI 6> U** 

J = ffE. (7-10) 



/\) <y->JI Ch* ^ ^ 4— UdU hjti g <_»jJ-l J\ i\ 

J* j < f/\ ^ <-V" • conductivity (iXoy[\ 

JIjljl.] ^i-Jj i.UI iJU-l j j . ajJLJI il^il q» j±S jo* 

iJ^l ibUiL (7-10) 

J = ?(E) E, 



(7-10) ^ $\ . jLj«S3l JMJ ^ J^" gCE) o\ ij 

i~Lil i.Lj'Jll £• J-L^l- Uul L*j . i^jl J»L_jl jl iJ»^ JsLjl ytjb 

■ Jjl>*JI aJLs^ j 4j L.iU jl ji Jx- Jaii 

* I jj < V U_)*jj S-^yJI **_)Uil j^-j y*^' Jf">^' O J 

" = J- (7-11) 

J4--1 ^ /eJy ^ = fjM 
1^ )l (£1 m ' ) jL. _ ^j^l CJ^lLi. ^ g yC>JI J^ejJI oJp-j L.I 

fj» . AajLUI jl^il (j» JJuJ i^>JI oUjlill yuj (7-1) JjjJ-l 

ULi>l ^Jl jI^II « L.j^ J| iJlijiSCJI al^ll ^ ol Jj4I 

Jl 10 20 t> .) Sb'U Ijloi. JjlyJIj uaUI On tfy^ Jr^ 1 J V-J' 
. (7-7) jjJI j '^jj^i JjUlj J^>>il tl>o ju»JI iliLi . ( 10 26 

. ^.a. : .a>- i-^jl jl>* J*J JjJI eJLj»-_j]l jl_jll y» o->l*ll cJUL-j U-^il L)) 
i » la 7 .' » «Ja a » 4j ^, a T , ,. » ciU— (_)5Llj ^ j I (jy LaJ Ajc*s L>- 4ju<s^« 4..'...r- Lj 



..!'« ' ' J* " -5 f It* (jf>*" J*-*>^3 <Lpji)l i.jU*U uUSLlll ol^^l 



7-1 Jjjii-I 

j i*5liJI jl^ll ^ jju) a cSjI^L J^UUj t] iue^Jl ojUil 

iiydl oj1_/>- 

: 4 .fil -^T oULJI 

American Institute of Physics Handbook, McGraw-Hill, 1957 
Handbook of Chemistry and Physics, Chem. Rubber Publishing Co., 1952. 





TJf UllIIl ill 


a - r,dT' (L > 


Aluminum 


2 83 X 10 -8 


0O3Q 


Copper 


1.69 X 10-* 


0.00393 


VjrOIU 


9 ±A v in —8 


U.UUo4 


Iron (0°C) 


8.85 X 10- 8 


0.0050 


Nickel 


7.24 X 10- 8 


0.006 


Silver (0°C) 


1.47 X 10- 8 


0.0038 


Mercury 


95.8 X IO" 8 


0.00089 


Tungsten 


5.51 X 10- 8 


0.0045 


Constantin (Cu 60, Ni 40) 


44.0 X 10- 8 


0.0000 


Nichrome 


100.0 x io~ 8 


0.0004 


Germanium (pure) 


0.45 


-0.048 


Germanium (5 X 10 _6 % As) 


0.011 


* 


Silicon (pure) 


640.0 


-0.075 


Silicon (10- 4 % As) 


0.003 




NaCl Solution (saturated) 


0.044 


-0.005 


Amber 


5.0 X 10 14 




Glass 


l io _ 10 i4 




Hard rubber 


I i3 _ 10l a 




Mica 


10 n - 10' s 




Quartz (fused) 


7.5 io 17 




Sulfur 


10 15 




Wood 


10 8 - 10 11 





. UJi sjyj l|ikJ <>. « i*J iJUi 5jl>l oU-jj ju*, . i^JU 



U-iUfc^i cJU-JI J\ Jo . dU-JI AU OjJJ Ofr*- J^i JaL. Jij 

lift, t dLJI j jl^ JU ci>>JI oJi* c-ai . ool2 ^ J^^j jyfj 
: dttJI j > Ji^M-ll ^4-1 i> J^* JUI 



AU 



E-dL 



(7-12a) 



J>* (i* ^.j** ^ L^SCJi JL*JJ .x^jj ol y& "il -»Jl £^>1_jJI 

^Ja- i^, Jl co^ ii^il oi» Jl. ojl>-_5 ^ AjSl ciUij t dUJI 

i^SLJI oU^lJI 6i» <j*L. cJj j L^jl . (7-10) ibLJLI UJ» dUUI 

u^J dJi Jl iiU^Uj . J>JI oU^L ^JuSt JL^S3I JUI \A 3 
LlSC* c-^-JI IJdj . (iUJI J^L, 4*31^1 J.UJI ^ jl^ olj JUt 

: J^l Jl (7-1 2a) ibUI ul 



act = Ei. 



(7--12b) 



iiltf csi jLj ^-jSC: Jl ci^i JLj«sCJ» JUI ^sd . cSlLJI J>i> J^i 1 at it 

J = gE. 

I = f A J-nda = JA, (7-13) 



ucJ^UL (7-13) ibUll 

: J* J^t (7-1 2b) j (7-10) 



(7-14) 



oJu?-^j ,_>"Uj_s R (J ji-l> li J"ji3 <^LJI iajLLi 1/ gA 

: i/jll 4^L> (7-14) iLUil iliS" o& tfilli ju* . pStl 



At/ = J2/, (7-16) 

iji ljL5" Ji^ll JuJI |j . 0_jjLaJ is^jtil 4jl^cJI oj*j 

^J-l JS^ ^ >JI <J^ (7-15) ihLi! J I Ui iSip (7-10) ibUl 

u;>; 4jLLs (7-15) JUjUI 



Resistance network <u$\2U olSL^ 7-4 

l^u (^il oilil J* ooJ^J (5jU! ^~j*JlI iw^>U- ^ i.jUll 

Silil J* j*s*sj i^jJI ojUil U! i t*Ui5" (^-jiJjLI 4£i (_^cj j^»4-l 

JjH\ (.Uil j >f (iJJIj 1 \1% L-jlJi> dLc (ill! J*»jil . JaSi 

^ (a) i^uSJI (7-4) JSU1 j ol^'r' i-i* W^l* O 5 ^ 

j» <j\ ik»-^lc_5 ' yOjUll o* J^ - t^* (7-15) itaUll J ^; . kv; j 

AC/ = A)7, + At/ 2 , 

At/ = fij/ + R 2 I = («i + « 2 )/. ■ o\ ^ 

« = fli + #2 (7-16) 



L-silJuj^fll l^JiJl oL.Lt >r /( 



ft, 

•WVNAA- 



-Al/, 



■WWW 



-At/ 2 



Hi 



-AC/- 
(a) 



7-4 JSjUl 



-At/- 
(b) 



j** J^l lj> 6U (7-4b JS^JI) (ijlyJ! J* ^Ul J^JI iJU j U 

/ = /i + / 2 . 

: J* J^i (7-15) ibLil f lj^Lj 
: Ai%JI ^ «,U L.jUil uL> LllSC* IJ^j 

j£DI j i^JLl laJuJ jWJll olSLilJ iLilsai 4_jUil 

c (7-17) j\ (7-16) yiJjU«JiJ Ui _j aLJl~i. oj^jj oUjliil ^.jl> (7-5) 

. aSC-UI i^jli. J_e ul (J I ojj^jj iJL«*JI oi* jl ^jjj 



www 



WWW»-WWW-| 

/ww — 



-WWW- 



i -vwV\A-»-^vww* - 
yww 



oUjUJ.1 ^ iSLi 7-5 JSsJI 



\ij3j^° o-tr 1 J^j 1 S- 3 ^ t>* ^U>^« j-^-U 0^1 Llcj 

c^Jai Jlc J+ll f <Gl <>>J . g = g(x, y, z) ol (>S 

U 2 J U 1 (ijLj t^lkiLjl ctyU -U* 0^4-1 i^J tj\j i jtwll j jb 

7-6 (a) J^JI j 
J = ffE, 

oLjUu jjjuJI ^ ij^SC ( 7-6b SJ1}\ Ji?-^) oUjUll ^ 'iSLJ* 




Equipotential 

(a) (b) 
7-15 

Uj-U 2 J*4-l J t»> jiit cJ- gflj J-o>. f-j- ( I) 

iijL. ,i>i 1^. oUjt. i>. ij^sai yiui (y) 



jJai. i»L* Aj j < y^^il <y>>J1 Jr^^' J-ti g j = g(x, y, z) J\ ij 



6 ^ * s * 

S^iiJI j Co j j iliHI (Jr. it^^Uj . <iL-Lj t$JJI »l^ft,ll J5" 

: <ijU» J^>- <i->JI jLJI 



7= Hi 



Pi - u* 



R 



(7-19) 



iJjUlL Ji»lll fjl u>>^J £~a£ Ua-._jJI lift tj\ L*» ail IloLj 

ol <iUijj < Rj JS* 0^* ' (7-10) 

: jyj£j>$ i UojI a^..*, U ilil^il 



>JI (7-15) ibUI J I Lw> (53j:-(7-10) ibUI ut LuJI 



Electromotive force LJL^&I i*ilaJI 7-5 

^E • dl = 

J = 9&. 

J = !7(E) E, 

< JLj\2~,j JUI jjl jtZll-o I OA i y lj . \s\i l~ry> g(E) ij*SCJI ijl ij 



. A*<aJlj>- A^L-llZ-aJ^^S" 

c <LJ L-o^" J I ' A-5l»J l^f* ) C5 j^*" I CSjS jo lj O _^«~~° ^"^=T Ji 

oO»-_J SyUI AjLa^ ^r tJ Ijl* . «L^ljLL" 3^,4^] I S^iJI (J I iiU»J (^11 . . . jl 

« (E eff ) JUiJI jlij^SOl JUI r L u^*ill ^4-1 t> Sjjjll 
: cijU; < o^Lc I j aJJ j till cy ki I J^lSCi!! ^^Lo yl <i jjjviJI jj* ^ 

^E cf f ■ dl = S. (7-20) 

Ji£ ( emf dlj<3 Uj^oiitj SJL^SGI i*iUI s^iJI l^. (^j) s s^sCJI j 
. iiiiil iJL^^SCJI SjJIJI j jLzlJ driving force "j^JI Sy" ^A> ^jyL 

cr^ cyj) °J>* f>l>^ / dyr inks ^IkJI dljj Jl oJb»j_5 

^Ij^^Dl jLjJI (jl^Z JJLjJI L-. AjbLJI j>iJI ij . (-^4-^ s-^-j 

•H^T Ji^t oy-*^'i ^—4-1 ij ■J^j Lui ^ yL <iUij 

,V« *i_£-~> A3 UaJJ jiLyoil alia jLjx^l jjjuu ij- 



E,(r) 



ulSO^fL Ajl ^jJJ ilia (p p jl) p ul^ lil <i^j 
<E,(r,t) aJIJI jv-fli IJy.j .(7-21) ibUI ikJ_^"E s ^"L-.j^tSGl 
JL*JJ iL-LSM ^Ijil £-4 4&br t ij^l 4^1)1 oUL53l iJ^u ii^JI 
JU ^x ilit; c5y LjJ ^i^o ji qE s SjlJI Jl isUi^Lj . ^jCjUl.j^Sj'I 

Ci^aJI iJU j 1^ 4^.1 j ijjcUl O^Uli ^x jlj^j ui_jSCj 

S^iJI oia (jS-i i "L™^i>ljjM 3_ji Ll^j Jjl ^^If IjS" . jLilo^l jl a^jL-»-5GI 

Aj ^ » r - oj^iaj ^j^JLm OJj>-j tj t 

i^jjjl ^U- J5C-1, ^^li-J i^JI llij . j ^^Ll J.£ ^Ui. ^scJ^j i ((V-liJI 
i^JL^SllI A*ilaJI SjlJI 



UL.^ JvsSfl j jju JoLiil jjitjl IJl* ^-LIj . iSj^^\ i^j4-l oUJ-lj 

-" * " * 

LlJ>j F w U, c qE s s^ill ^Lii^L < tSjill <iUj L*-?- liij 

: i-J^I ibUJ.1 LLJ- t iS^J-l j jUI Ji^J Oy^s 

9E eff = gE, -f F„ = mf , (7-22) 
(J I 4-1 icj^u >* |OLaiJI ^jX- fr^iUI _£otjl Ja—^JU Oj^j '■^^ 

: (7-22) ;LbLil j ,U- JUJJ iJUJI i^iJI LU^I Lj! o'^l yi >' 

^eff = E. 4- (l/o)F w , 
i (7-4) iiljUJI t-«=r^ J jLJ) iiU5l> JaJ y v ol^^l it ^ ol 

IJJ 

J = fc^f]^, (7-23) 



. (7-20) ^jUU ^Ul 



'"SlS? (7-24) 

: ii^JL (7-23) aJjLII <_j^j (jl ^^lil c j^i <lJJ _j^_«ajL j^JLstTjj 

E, + - F„ = ijj. (7-23a) 
9 

LLlS'j dl CJ J>il j-. SbLil oil ^^LJI o^I ^"L; Uj^j lilj 

: ,Js- LLaJ- b ^ijil (J I a j^>>U <>• 

( E, • dl + - f F w ■ dl = f v ]dl. 

J a <? J a J a 

syJI oj*x~i jlDI J,lScJI LI . U a -U b o^J-l <3> JIx J,S!l <_L.l5CzJI 
JwLJI j *L- U-p-j . 6 i, J\ <LJa*j_5 ab *>>il ^JL^SCJI i*iUI 

I yl il » IR ab L^UU eJLMI J.15CJI ^ i^L^I olSC^L 4iU (7-4) 
tjru J-^^JL! iliism JLjUll Jii R ab j c b j a <^zklJI qo jlil jLJI Ji* 

: IjJ . ^ v \t ii J I (jut* 

Ub~ U a = Sab - /#a6- (7-25) 

aJL^S" s^Jb jv^ic ab f.-Jr\ J* Jiiaj < \ j*** Got Ljj^j 
SlLi js^jJI <y^ s a6 Oj^' • (.passive) J Li 

ju; (7-25) ibLllj . aJL^SGI iJloJI s^iJJ ^ (active) 

. iJl^l ^'M 1 V- L ' 

: iiatJI cJUu lili . ab *_)4-l 
: tjLw iJlj^l iiUJI j ^^11 ^1 < dt iu»JI S/UJI J^L- b <JI a ^ 

rfQ - U a ) = (S o6 / - / 2 «ab) dt. (7-26) 



irreversible jji jl) ^JL*!} JjU ^ J^t I R ab dt oJ-l 

f ak^; i^LJI cOUU ul J I Upl J2i . "«U» <J I iJL;^! AiUaJLJ 

jj-l U . aJI^I* LjI^ (Jl o^aU ii-j.il v 1 ^^ 1 

i**|jJI SjiJJ'cjU/ jxa! v'W* 5 " Ji* ^ O* reversible (LjSCe 

t 4*Ju jLJI uUU eJlS" lil l^sry &ab Juo . J' 
i*SL ^^501 iiLkll j^s^ UL^SUl i*iljJI o_>iJI jJUa* SJli-1 oift j p2j 

0>Si UwUc_j . jjuoil jpl iJL^SGl Silklt i_jLo- IjJI J I 

Ji^*dl J* JUL. ^ iJL*jai Ui-lj • >T ^ o- Jl Uyfej 

J^jJI J* (5jl>l yjyll L.I . 2ilk)J jl^&l - JW3I 

J^l J* JUL, ( jl^SGI jJ>H ^jJIjj < SilkU Jb^sai - cijl>l 

s^bJI UtUl >^JI Ljll*) . iiUJJ Jl^&l - </^^Ul 

. ( 

1 ab *>LI ^ iLlS* iJL^ s^Ij <x?£J b j a ^yJaiJI J-^ 

C = U b , 

3 

8=7/2; (7-25a) 

III 

Zl = / 2 «- (7-26a) 

i«jliil R j 4 S^jI jJt j 5j£JI iJljj^SCJI iniljJI 5_jiJI £ Jii 4JU-I ojjs j 

. i-Slj&\ oil U53I 



Steady currents in media without sources of emf 



(_^c <£yj~*i Lw»jl LjUtJL* Lk^j jl!**"}/! jiiij i^-u Leo 

L<jL._j . i ^Jx. J— a^i <UU- jj SLJL^jSCJI i«iljJI o^ilJ iJti- \ j 

i^JU^^il ijfc^JI Jills' OU t Ujlj jLJI Oj^Cj yjl ilU-l 

iki; JS3 <?p/ dt = ' olj^l **J> J* oJua* ji 6>5C;^ P (x,y,z) 
: j^l (Jl (7-9 «>UJI) ibL, Jjj: i!xLo . Jl-^JI J.lil t> . 

(fcjUl oljLJJ) divj = 0, (7-27) 

: (7-27) ibUil 

div gE = 0, 

div E = 0. 

ii^LaJI 0\» ' ^J^^4^J' iniljJI ejiJJ jjUa-. ^ ^1 iJU-l j AjSii 

'. J$s~ ^y> [qS liLli I f^Ss E = E s 

E = -grad U. 

V 2 t7 = 0, (7-28) 
J^j . iXJ'L-. JvH} 50l J5L1I J=- ii, o-*^ (steady-state conduction) 

. JjjJ-l J»J_^ iJa-l^ t tcb Jill y» |^ • ^1 Ji-I ^ u^£ ^ 

jl U i^i ijj. jjJl J^jdi .ill; ^ ilLii jj. ijir j*: ^ji jj^Li 



J jLjJ! iillS" JjjJ- (jj • iS^°3^ C^*" ^*^» O* ilaii J 

t^Jtlil Ji»-I (iUij-cE jL^Jl JUI JjJu£ ^lauJI J-^* 

£~0, y-iL'jt JUjUl ^1 JJ-I J life J JUj 

Jr-jJI JslaJ ^ ikii JS" JlLc (J dUiS'j) E 4^Jlil jjj^jj O^^lj 

jJaJu (^iJI jLjJ I oLuj- ^jSCt jljjLL-l i!U- J^vSjlJI (jj^-J LjiLcj 

li, . jui j^i j jLji iiiiT yjio; jl , J*-Ji j jLJi 

iil^J ipj-JI IS J,\ yli t ^-1 j i»^J| J| t^Ii>JI Ids' Jj£ yt 

Jin = ^2n, (7-29a) 
9iE ln = <7 2 ^2n. (7-29b) 

^Jl U, 3>Lil ibUI J* ibUI oJJb J 

i^E • <fl = 

= E 2t (7 _ 30) 
itaUil oi» ■ (4-7) juJI j ^w3_jll (iLizi^ll j f U- li UlJ> 

jlSi^ll J* Jli. ^ (7-7 JiCiJI j j^Jll) jjj&W juo 

J^JI ^ ^SL yj\ ^dil J>cJJ J^^JI lij • ( jJULI J>^ 

(j-iJ) j jL^^I JUI 6 1* 4 (7-1 Jjji-I jsrlj) C5C>JI 

i-— Jl o^i' JoJLLcj . JJJ-I j jLf^^SCll JUI ,v. jiiS^ y^>l (jUJI iiliS" 



J* y V"^ CJ* <->-L«J>JI ^ij^^ o-iJ^i (jj • J ^" - " * la ml ,la la ^ j 

j 111 ,U ^JJ- J>- jL^I jl s-jwsj a* yp- t cr"^^ !^ 

oj£> ii*p» <JljU»»_5j4SQl <JL1I dlliS" J*iJ us«- oIjuJj 

. (7-8 J5C1JI ) JjU Ja-.^ t a ... a ; o^Lj_j1I 




7-7 JSCJI 

li^j. 1 U 3 3 U 2 j Uj (will J* iiiliJI '^ iJj ^' oiLajll • jijju ji jjJ^jiSU' <Ap- 

UiS" Jit G j 

tfprobe = t/l - = ^3 + /'«S, . 




7-8 

lj %ay jyat (7-7) J£JI 61 ULt • tfcUl JSLilJ J~o>JI ilLl iiilS^t ILCjU-j^I i)Lil 

. J^UI Li VI 



J jLJI iilii" iJ^jo jLJI IJ* i^cS (£sj . Ja-^JI Jli R ol il 

: J^IT J^il iu^l j o^ll 

/ = ^ J • n do, 

. Cj^Lsj].! Oa-L ill* IS" S jj-aj ja..£ Jjlim ^k-, (5 1 (\£ S J^JI jyu jj 

J = g&- 

^—^^g^E-nda. (7-31) 



• U"3^ U>jli! liJ» ij^l (J-C- UJLaJ- c (jroUi>jIi 

f E-nda = -Q, (7-32) 



ej « S ^kJU J,UI ,>^l ^ i*>^jil i^JI Jli Q ul il 

: A* . u -'« O^U^I J^Ai oJ* j*>> -^J • Jj^l Ja-_jJI 



Q = c(^i - U 2 ). (7-33) 

: J* J^i (7-31) ibUI j (7-33) j (7-32) (jd.Lil JU.Uj 

JK7 = -. (7-34) 

. i^lSCil iJCjL-j^CJI ijLil i—j Ja~^l *-jl^ l# (/J 



^'l^i^SJl uljJ'il i)U Jl J^ojJl 7-7 
Approach to electrostatic equilibrium. 

Jj; J*»>U JjJI i-JU»^l ijkUl (jl jl^l <J-^aJI j Lst*»jl 

O^Ltfjil iJU- j Iji?- Ujj^- o£~> (jljj^l (jl ^ ' j^-^- (j-jJi 

. ;jw jsl jXjILj^ji (ji>"^i p>L yir « Lji j**^ otf us'j . soJ-i 

Jx. Jj*oJ-l (jl* ' I J*- (_yC>JI J^^l lil *jl SijiJ-lj 

. oJjJlC oijj^o (3j-'-"-"'J ^^-jLl*_j ^4^JI (jlj-"^! 

e ij>-U»_j g o jji ^c-y b*>y-> y^3 oL^I (5jL^. LjU.^. -U- 
oiA JlLc . p (x, y, z) U jOi j AiJi> Al^i Jx <i>*^ 

O^ljil jj*) A-JU^fjSlll ioUl iyA\ jjU^l. ^l^j « jy^> iU>>il i*>lidl 

Ljl^^l ibl~ (jj • ^ U^IJI iiLil j i^Sl* 

| + divj = (7-9) 
: ^jl u>jl* oJ*Lx j^ll (J I Jjjj 



^ + ff divE = 0. 



(7-35) 



£>\ *2JaJ~\j i JUI jiUai divE jjSQ 



div E = p/e, 

: I jj 

| + fp = 0. (7-36) 

p(z, y, z, t) = p (*, 2/, z)e-*«' (7-37) 

. ^1 J^-1j o>5s> uljj^l ill?- (J I oljo^l ca^; «j* 
c-jIj ^Jjj ' (>»J|JI li £ / g i^^SOl o' (7-37) itaUil (j> ^JxLj 

tc = - g = «1- (7-38) 

. \»- SJu* j ^^Ul J Jl J*^ Sill o^s 

^Li f 3^JI >JH u- i>"' a ^ ^ ^ 

S^J dJui ciJJI ^jJI oj15 JUj oli^JaJI (>«-Jj • £j*«>Uj (i^ 

OlS" UU> < c/^ll ii'^L. J^-J-l uUJ L*tf u* J** 

oii oii^kJJ jl^jl, •> - 1010 ->> 109 <y ^ v^ 1 



Kirchhoffs laws. ^$Z>j$ U^jU' 7-8 

^ oJ»-l_} AJjIj Ji %*o\ aJLaJI oi* (J.^- J^rfSjlD LLLliLUo Ojv^il Ji) 

iJU-U; o'ibL, iJ^-b ajLil oi UjU ^ < Ja-j j i^UI Ji; 

O^U-I oOA Ji. j_j . Ja^JI J»lif Haij JS' Ji J\ ^J^, 

<ii jL> ^ V^^ 11 M cH 1 fU^I oli Jj'Li! 

(■\'jsr\ j ijj^ill oi jLJI 0.j£i JiSjiej i iJLj^lll 5 ^jIjJI JU J^»^ 

jSIjoJI Ji Li«lji jllJI li* j j . L*^- (jJI oLSOl ^ s^SLJI 

. j^UI jUJI qfr ( i^UI oljUJI olfiJb^SOl 

JJ^ j JL-.L"5ll il5Clilj . a^jU^^SDI »_jiJj jjLx. Ji jLu« JS" (i^Jc 

j j^ais. J£J iJU^^DI i*iljJI SjJSJI j iujUil ij\ ^ SuJlj^SCJI ^jljjjl 

oi* J>- (jSCij . ol )Li! SS3 t>. J^ J jLill iLstl i_lk;_} t s^UI 

^ Loop SjIJIj . (7-9) JSCJI j djCjbja i»liJI Ji. t UL^I 
: J_jjU j^jj uVlj . iJL^SJl i5C_J! j jJll. J^ jL^ 

Ol (ii 4 I Jil>0 {ijl—j ^^aj iJaij J i_-*aJ jjjl Ol jLxU c5_>4-' ' — ^jl 

E ^ = o- (i) 

*£ri!l ^ Sjl-a (jl j a^IjJI _ Lltf 

(Si 4 SjIjJI lilt j IR ^"lyj ^jLu iJL^S3l 



Gustav Robert Kirchhoff (IWI JI 



(II) 



J* (7-25) ibUI c^o^l lili . JU-I j oL; ^ ' C 7 " 25 ) Cr* 
ibHI ^ jw^l i_-Jl4-l Cr""^ ' G 5 ^ 1 ** Jr f ^ ^ ^ ^ 

(> Jl liU . i^il oUW'Slf cSU: (j-U J* (2) j (1) o^UI 
liA ^wall ij\ ( _ r jo dJLjj oli 4 i^uu jLJ <JL i*J> (J I o^oUil tiUj 

ii» dlbb (7-9) j a_L-_JLl ijLil jj . yijwll oUt^ll yXu y» jLJI 

eift (>• <JSj • 1 6 J 1 5 -? * 4 J 1 2 J I 1 J* 1 ^ ol 
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7-9 JJjJI 

-h + h + h = Si = 7 6 fl 6 + hRs + IiRl ■ 



O^jUil JuJl£ Oj • ilil— • C~»J i^UI O^iUil (jl -V; ' ^-jlj^rt&l 

uli n Uojic- Jslii dJL* o^" lil <>l J~c (jAi; j»U iUi—i! 
(7-9) JSCUI j iJLil j j . iiii-w o^jLu. i>UJI oi* ^ n-1 

O^Im tli^j JJ-I t_, ; „, J I IJLij t ^^J" 

", . "_" » " •» » 

_jl icUl jilc £. Uj) JJl# oL£j i^-jj ' c-Jr OjjUJI fljui-^J 

Jvu 1^V>j^i\ ixiloJI S^ilU . ojljjl ^>Llc jLjl5>-^l ( ic-LJI (_j Jkc fjSLiu 



: Metal lie conduction Jjmil J~^>JI 7-9 

UL LJLj^ liLLi <jJI 1 (7-1) JjjJ-l ^ uj--o 

J5ll Ojj^l -^J-^J iist^JI o^lsU ^ ij^S iiliS c5>^- ^UJL\ ul 

. jl^ll 

J = -iVer, (7-39) 
g = JVe(i>/E) = Ne 2 T/2m, (7-40) 

^ oj • lo/XM <~^J iiiUl i^iJI Jl e ^ ^ 
^ t (v/E) i^Xli ^1 t jL^sGi JUi 0j7 3a^|| 



ol <J — c 1 — <J J — > "°Ji — * — ^ • oj>— SG^I (mobility) 

i^-jll A...... kJI (jl Usui fjJlo-" -Ol ^ . Jl^sU j jyo tiJLat olil» 

0-0 ij' <i' ' |* J UaJ c$l (jjL/^M ip- y. J^jo i jLuI iS^lo -*4=r tz* t i 

(j* Lt.li (j.iL.11 (j "UJiJI J_jJdU (_jt>JI J-^>jZll O^S lii>J . T f-^Uilll 

oJ-UX« jl^JJ AjJjjJ-l ^jk.ull U-*^ J-t-» ) <L*»JLjll CJ^jJIj — 

^ iiiUI Ljlja- ILjtl v*^- 11 - Lj^j i (poly crystalline olj^LJI 
jojJ- j jvttLj (j^c>JI • <5j>M J c<ljili ijjl>J-l iS^I 

f = li + i 2 (7 T ), (7-41) 

. iilkil ojl _^LI i?-jJ j£* T ^^1 (jl jsj 

oU j |jj>- iJLjl O-sUJJ JjJl^ ^s. tj*^-\ J-UJ! 0' 

i~rjl\ isy}\ J \^>ji lilj . SjiU ^^1 i^lsGl ^"LkJl t ( x 2) 

:j^l (> LUi t ^ ^ s^i^i j_c 

(Potential energy) max = (Kinetic energy) maJt « kT, 

t, « i, 2 « (r 2 ) _l « s 2 « T, (7-42) 



1 dv 
v dT 



~ T' 



(7-43) 



ojl^J-l oU-jJ Jaii is^wj JaJ UjT Sj^iil uii Jit*~*J • (7-1) 

o^"JJ Debye temperature tjLj Sjl^ 4>jj J_e jyj^ ^Jl 

AjjiJI oljlj^lA ^1 Jalil £waJ 0-<*it ^TJ-> (jP' 

^ Ja-^T 4(iLjojl^>- t^L" <J' J*J (_jJ' oU-jJI JlLc . ( 4^4* 

oUji '. (7-42) ibUL joJI UJ-I y^UJL) ^ c$JJI 

A^Ji Ulj Jj_)j iJIJJI < J I I ojkx*o CjL^ iiUil (j I 

J..C-I t-^y i»jliL. Iflj (iUlf 4 ^yij jji- LjJjo. L»0£- (jS^jj 4 iSC^Jlj . <*_CjJI 
(j^j . ( 7-10 JSllll ) Uaji^La \*-y I.jtL. dUllC (_$JJ1 yoJuil Jo-I A5vJl£ If 

^jiJl ijjixil 1/ U»jl i^J li O^SCj iS^— J a cijl>J-l J-«^ ol (^-.-^-" 

ijfJ^o oli ii^ju liLSL-* jj>^-i ^" Jil_j • **i>^il a^c^lII 4i*j\jLt L»li 




Atomic percent 
7-10 JS^JI 

20°C Sjl^> J^SjOl- — J i)b J^JIj ^LJ i^jJI ojlill 



J5CJ jyJ\ Ujji iil^ li IjLJ <>£ u-UJI cr* ^ (') 7-1 

f^UJ! Si US' t 63.5 : ^UJJ (ijiJ! OJjJi ' Jj- Sji 6.02 x 10 23 

. ( ^X. J50 f l>8.92 

ojji OjU <J»-I^ W*-*^ oLsfclJI jjrf 7-2 

Jij (2-9 j^JI X^H) iJmJI J Li f > . V 

P = J rp dv, 

: (jl (J-t o* ^ • J*ol ikii ^ Ijlo <y> r 

J J dv = j> rj • n da — r div J <fo, 

olU . d Iajos i»L-« IfjJLAoj (>• ^ o\>j\y^* (j\>-^ 7-3 

ljJau»^JI <jy J-^>UJI ^la.JI t (jJLtfj* yja*-^j ^»-_^LII ^jy A n 

(3jLj ( '2 jjl^I^j g 2 c^^J' ^-^>y) <jW Ja-jJI LI t a 

<u»i L . t-r^J^' ti* U 2 j U | i>J^4-l uLj-uil oL-_j]JI . d-a 

i^^lU ^Ln-knJI 4iL£Lll L j t tjUi^^JI (3y (J^sUJI ^JauJI ^.s. J^4-l 

? c kJI lift <Jx isJJJl 

* * * 

ijLc . oUjI aj^_j <jL_jl_j j^>-lj : L>Ji oUjliL. d>}lj 7-4 

. oUjUil oJa ^ l^Juc (j^lt itliit oL5"jj 



(jiziji L»jjls JUzJ.^ jv<^ J>lj 0.4 (j ^L*<i» 7—5 

l^jti* Ajjiiaj £«j CjLjI ij^lj I^IaJs (£j*-\ <Ujl<u (Jl^jl jj^. is.y*Js-\ 

R itjllll i»JiL. . oUy Si}ti 1 4 <LiJy olij fj^l eJ£ jJLJ ^LU-IJI 

,>j^l.> U J*il <jo Jajj nR (ijLJ LiSCJI -Ojli. J*>- * 7-6 

^ij n-1 Ujjic sa**I J_t Jail j& jj • ( u-W^ £f y <J°j^) 

. R Lftjji (ji-jjl^-* ji-ij-K-C (JS* <jo Jail <UjljL» jj^o Ct»^ JjjLJU jUjI 
J&f- lil* ■ 4-^* o^J^' ti' < -r J iojli* jly.J 

„JI 4 U m ojji 111 Jj-wJI JLLc Jail 



: 01 

0-1 



U m+1 - (2 + /T 1 )^ + = 0. 

j 4 r 2 J T j Irt-^Jai <-i*u 

ojUu lil* (I) . AU W^u jtjil <j^j t j^l UjotL. (r 2 > rj 

fj' CJ_>-> La ^Oi*JU«J 4 g j^^j (J^a^j (5i Ja-»^j <jOj<J&jl (jo ojy&A\ 4ilalll 
oJi. lilj ( <_j) . (jo^iiJI ^ J_jJaJl SOa-^J jUJI oU- ( J = gE) 

(jtC^L ^^o^i i G 1* jJi i^U« (i^ Jjlc Ja-*jj (jo jvlill (jo iouCll iiLJ.1 

S^jUil o jj> (J-^>U o> euyl . C = Q/4U qa it_jkJ.I i*~ uL- 

. i*jJajJ,l ojuk e / g (ijLJ JjJaJI SJls-^ ijuJL JjJaJI Sju^J 

: Jills' iSjyf- <iUJ JsLkil ^ ^l^lLI JjUJ o^^JI ^U: 7-8 

JaLo ^ 4 >lilj jJil ^ JjJl^ j Jjj«il (ijy^l (ii-JI <y 1 °J*W (J>k 

ii^S i*»U- aJLs- j _j . ^jUI jLJI ^Lijj J>^lj <iJiLJI jjo jji 

(jo cjjy LoU jOi J^il J JaJLJ JlIcj 4 J^Lstl j tfJUL. (y 

. \ Ji J\ 2 x 10~ 9 (5jLj jLjJI i^i j! j^j J^UIj J^_jiJI ciiL 

i^yJI i.jUil . J^s^il (i^il ciiiJI Jai t_i^aJ (ijLj JjUJI ctL- 

j-ji) *jjl_^ « jy^i SjiXZut a e^Ja3 ( a ^LaeJI ^ (Jj_^1» tdlL* 7 — 9 
cJUlJU iJa^l iikiil oJLU . <Ut h ojJi JUj Jxj i*-Lil J l^: ^ (^-l^- 

J-,Uil ol IS3I, 

: (3jL«J cilLJI (^» (J jJtaJ I aJu>-_jJ (jo-M/LstJI (jv ■ la (ill jo 4jjl> ^,4501 



iJ = - — cosh" 
2*g 



j^J. cw>^*j g t^fy ( - J ^ ol^"ill ajjLjuj i-jUtZ« 3 £ 7-10 

l._.y*\ \ <i 3 \-Ji\ Jli 6 La . ^kJI J»Ui Jl^> U COS ojJs 

. J^b i>UJI 

\aXs. cftt^' CS/~i l^jJ' J^r 1 -" -^J ' g (j^J-^U J^^JI ol 

. AU ^fl,;.; j^jJ-I ijy o^-> 

j U Q ^ji! (jw-^Ulil (jdiU-l J^r ^-^>l '-^^ • A *4"l (j (3/» ^-J^ Ual— 
jjjLvo t_Ju J^x. lilj (o) ? ^jlJI <L»_jli« <uJ» U (l) . i_^JjiJI J-e- — U 

tJ I "}! I oUiilyJI |»Ijj«ju»L ^jJJI tj jl^J- ' gjy : ili^-^lu) • t-o>>j 
t^U-l O 5 ^ <iliij ji* l>i* ul Jiil *>Jj . cosine J 

. ( — Uq LjL«-a (julil^JLl U^4"^ .Iff "j"* 1 £jA £*-o 

Rj Li^-UI l^jli. 82 j 61 ^y^*^ i*»ljJI SjxJJ otjJua* 7-13 

O-JJJ (J-J-l Cj^ju 

l^j SjjJll SjoiJI o>^j C5 $D i«jbUI R i«-JU i ifcjiJI to 15 oL»^JI 
ijij Rj oli n Ujuc iL5lidl L^sU-l ^* ic><j? 7-14 

I ■ nG/(fl + nB<): 
r = S/(ff + Ri/n). 



f ■ L-"Ijl>« ^iSli* JX^i) (R) ililjio oUjli. oJajj 7—15 
^I-aJI J5CHI izJ! ^jj^JI ^ (R i^l ^ U.) ilSLr 
Uj-lj 05-; oUjliil Is-yJ- ilslSCil itjlill 2u-iU (l) . JSLUI J^^j 

js. ^ J JaL, . (R j) iikit l4.rt.Ji L.iUI JujUil L.I ( (R) SJfil^. 
R, j sjxil i,jl>l iitUl ol e~Jl . R j J SjjUI oUjliil 
ft t = (3/5)5. : Ifjji j u»& (J^ 

^ . R g >yliK, R 2 JIxjl.L_, « (7-9) J5CUI j iJl^sGt s^SIjJI 

(5 1 ) a jkUll j ul^^l OjjJ- fj^l i> jjJI oj • R 1 = (> 
#3#6 = #4#5. : 3* ( ^L«^i LiiSCJI j jLJ Jj ^ 

oUjlill illb t R 6 o 5 ^-? ' *W ^J 1 ^ 1 V 1 -' 6^ '-V.J 

Rfi = RiRt/Rs 

j jUI jUJI o»- (I) . I>* >^UKII j jUl jLJI 0^ ul J* 

cj jjC . R4 <U_jtall (j'jH^l SJl»- (J-e Jj^oJ-l 

S = CRi{dI 2 /dRi) , 

(0) JiJI >^J|_, t ±J> jUJI jL.^liKJI lj\ jJ-\ Jli C ul il 

: ul e-^SI . u'Jh "SI 5Jl»- j ^- ul Aiziil ul 

s _ C81 

fls + Ri + « 5 + fte + R,(l + R S /R 6 )(V+ R*/R 3 ) 

iiUt ilLil j l*JJ U^il ^1 u>^j 5>J ul *7-18 

: ^oj t ul>"l ul tflij 

R s /R 3 = a, ft a /«4 = a(l — e), 

ul e^SI Jl(»>L Sjjo^ (R g ) ^UlsGl ^ii. |jU .e«l o-^ 



Ii/Ii = at/ (a + l) 2 . 



dlUj .(7-17) IIUI j UJ1 jUll O^Jjj 5>^J ioto^&l s ^St jJI 

^-j->-Jll (Sy/3Jii\ oj-uJI . UjjJ S^iyU i^Lill oUjliil ejlxi* oj<r^ 

jL.yliiSOl olj ' pi 5SU Rg oJlS" lili . olMj w- ^ 5 j ly. 

1<T V <>. Jil jU 

(j» jJ-^i^ ll>y^aj> iL-Llll oUjlill ol u^yl crM 

Oli II ojji CjLki^l ^ JJju J~al- yJ*^ - J**.^ ■Ja-'J *7-20 
^k«J I i* j ojJjZil Jy>- ojl _y <jl<j£J ■ U i j U2, U n '. W*? 3 

. i uJaiJI J}U- <y J*>^il Jau-^JI Ji-Jb (SJJI jLlll Qt- JjZ> Ij u' ij 



THE MAGNETIC FLELD OF STEADY 
CURRENTS 



! « o^U! »i* Ji. . ^iLiil JLA! « JU-I is^Ju 

^L-j cij^l ^IjlJI (jd-AJI a -J»L_Liil L_^j_jt J—J! oljt_jt_dt j^ali, 
ciLl^l L.I . 5^ j/^ i (Fe 3 4 ) ^Sll jjjU-I j^uS/\ y>j < magnetite 

^IjeieZ-^l lift *LLL.Uj . SjSLil oULXl-.'illj i»>>»JI is- ^11 

(_ji>j*«JI L*J_^«j Sybils j <j^w» (jllaj ^.Aafcl^J 4^JjLl»J,I c>'.a; 

— * j — Ijj ^1 — j\ *iJI 0^ cjLIi^I \<^>- jv^c-jt-il u yi)l 

' - " ** ft ft " ft ^- * 

}Lai 1 <jLj»-\ CSl^l tS^* Jle^'j oji^' crJ^ o] • L~uJ»Li* 

j^u l>ji oijU'Xi ui . ju^sai jl~u u ^u^j ^^Uiii 

0»JUI yu tfjliil ol c-^jl jii ( 17 j 16 j 15 J^l Ji^) 
oljLJI iJa^ly a ...... kLLiUl o'iLAI jlJjJ u-jJLjj < 4„^,J>LjJ,I ^i^i 

. iXilJW J^^IJ JjJaJI Jl>4*J '<ar\ld- Lf ^ yi L. t i-Jlj^jSGl 



* (^^JsUiil d-J-L CjbjJU 8-1 

The definition of magnetic induction 



E=lim(?). (M) 



Sy ^L. UU) F m v-J»Uiil %\ o^; oi f'W ^ j^Liil 

(jXx ciLli jus . LJLjLSL-. j I LJLjL^-j^' Uj^- -ujH 
: ij'Sl! ibUll Ji^ tSJJl" "Ol J* t £~J»Lill 

F„=gvxB (8-1) 

o j5Ci y-^all ul o**^ (8-1) SJiUil tj\ 'UJa^'iL <_J~ Lfj . £~4" 

. B jjUa* ijjLi^^l 4,;.-»rM,.ll ^y ^ (^"-^ ' L» 

^~ryi <jJI a-.-L'^I SocUJI y_jJ (1-13) itaLil o] • B i^S 
^ ^juUjl. yOPj^J F m SyU 0>-Li Jt»-t jfl lili . (8- 1) iiliLJI t-jjii* 
: J'^l Jl Jjj: (1-13) ihLil ul Uu^y* ' V] j v i 



B - \ + hYu (8 " 2) 

B = ^ E ^ + ^v 2 . (8-3) 



9 V: 



2 



: L,J ^ (8-2) ibUil J i^JI «Jj» Jl^L.j 
B = lgl4Xl + l frX 2 ^^) Vl , (8-5) 

. (ji jiJI ljJ> LilS' Jju (ji-ji** - Ot-»M t ^J D ^\ ^ U^>l_j _)J-o *=*^-H oOA (j^j 
(v»c-^ iliUll ejjb tiUij ( Ujji Jx J-«aiJ (8-1) iLLil <jl jJUj 

(8-1) ibUJ (iJ^ . JL^I JU1 oyyJ ^ ^1 (2-6) ibUil 

< dills' £^ yL« /^oj oJ^-^JI J\j«JU-J Jx- SiUJI O ^ jJj . JL« _ I 
. (8-9) jllJI j is \£ <s ~J>Lil\ (jiuiJI Jlc ^^Jl 



Forces on current-carrying conductors. 

dl ulS" liU . B 
ciJJI v 4^«D Ljl^* dl ^o'i i J*o>il csJJI jLJI ^ 

1 (3_jL^> dl j. n ■' « 1 1 (Jx- s ^Jjil ojill (jl li-Ap-^J c f^""^ o-^>-^J <U^tZJI 

dF = iVA|dl|2V X B, (8-6) 

<jl LJLc L.lj,J ^_vaj i^*JJI o^Uli aj>-lj ^ jtS"! ^ J-^>ll (ijlat 
ill^li vVJ 1 jyy cr 1 ^ u 5 ^ 4 (8-6) iJ^Uil J* ^J-l i.^* J^-oj 

iLaJI ii^l yli owj^ dl j v uU^I 6^ Uj • (8-8) ^:UI j 

: y» (8-6) ilol^J 

dF = Nq\v\A dl X B; (8-7) 



rfF = IdlXB (8-8) 

. jLdJ J,UI t>- > J1 «i ^ ^ & ^ ^ 
iyp SjiJI J-^- < 8 - 8) ^ c> V** 

F = ^JdIXB. (8-9) 

ibUJJ <lL* ^SUl j^JI J»...,.:JI uli u^l <> -ui^ B f bLj 

: J* liv-j c ^IScJI i,}* c > I J-Ut C 1>1 j>* (8-9) 

F = /{^ dl} X B. 

: IJJ < I ji+o (3jLo 6^ j-*4-' 

F = ^ZdlX B = (8-10) 

= r X dF = Zr X (dl X B). (8-H) 

, = /^IX ((flXB). (8-12) 



XX- 



dl X B = i(<fy£, - dzBy) + }(dzB x - dxB.) + k(dxB v - dyB x ). (8-13) 

: jt \S r x (dl x B) L^SCJI oLS' > Jj^i-I J*JI ^ ^ iS-u*j 

[r X (dl X B)] t = ydzS, - ydj/B, - z dzB x + zdxB„ 

[t X (dl X B)]„ = 2 dyB, - z dzB y - x dxB v + x dyB x , (8-14) 

[r X (dl X B)], = xdzB x - xdxB, - ydyB, + ydz3 v . 

iJUiJl o*.l£Jl ■ (8-12) ibUI j ^ ypl o^UlS^JI 

. : ^ 0^*1* ury^A oli uj& UjUM ^1 spatial 

jtdi (8-1 5a) 

jl-dr,, (8-15b) 

lift u)» ' ^iUI j^Ji (J I (i^jt; Ji_J! ijUJlj LJUJI 4jUJI JIjlJL.1 

Otjiii- t>Mfli" (8- 15b) ibUI iL^ ^Jl o^LlScJI U . (8-14) 
JSLDI j u^j. y» ^ £ - 1 (i^-il ^ t^^-ll Jp- jj-l jl ' C 

Jlc IjL (i^i (jl J«— II (>• ^ - 1 (ij^JU J-t JaiJ.1 ^Ijc^L-Uj . (8-1) 

fdl i^Lil ^ £ -rj (i^zJll (8-2) JS^JI jj . (8-1 5b) ^Uil 

/ f rf ' = /„' fl M dv + \[ <»(') (8-16) 




8-1 JSjJI 




8-2 J£i)l 



i^S j ^j^pejll Jai~-« oj2~aA I <L»LJ.I ^j* ^-^^ '^■•■•-'■^ o-iftj 

«Ulc_5 . £ ^Ijis-^U e^ll oU^Li OjSL- (ijJI (.Uil i^-wJl ol/i ja^^ 



Jdij = A { , 



(8-17) 



t, = [r X (cfl X B)J, = I(AyB, - A J,), (8-18) 
y ^Ij^I »UL jljjoJI ,.>ll IS J, ilJLf _/l>LJ J* Jj^ail L^j; JilLj 

t = Ik X B, (8 _ 19) 

C ty ^*dl t>» is^SCiil oULil cLi"^ y> A ol ij 

( ^jL^kjl s ^IjJJ ^^LvU f >il IA i-J^J • xy,zx,yz * c> kJI 

m = ZA, (8-20) 

J^lSCl cjl ' o">Ltl j J*j>jl~J.I ojL-'il fl-A^i^L i (juJ Ja-Jl t>«j 
: IjJ . C (j^tJll i^-'^j (jpl is-L.il Jl« ^Ll* jLw. J_p- r x dl i~»5lSI 

f^rX«fl = A. (8-21) 
m = hlj c * X dl (8-22) 

'. AjblltV.U (j^ ■X..a.V. l ..'i 

/ dl — J tit- (8-23) 

. d-Jlj^^ dJ^Ul j lj3^a# (j^jSCj^j J-^>>« Ja-_j jUJI ci Uj-Lc 



:The law of Biot and Savart. 



OjUL/j 6^jl5 8-3 



olj ^iliiS'l jLi-jjl G^j aLJJ £jLI j*j Ja^Lj 4 1820 ^U. j 

\Xuu> jXyj (jJJI ^oL^JI ji^j'-JI l-j* (8-3) (JSLllI <J I ^>>-^Jijj 

s^'IjJI J* Jj^Ii SJL^I s^UI ^ ^j; ^Ji syJI <y> F 2 sjkjl . U-L^ 
. JSLlll j (rfl's, r's) oLXlij 4 ijUl iJ^^ 11 

jjj yju c^Jb" l^U (8-25) ibUI j ^ ^Jl ai / 4i oUl iLXll U 
J*^ ^1 A^LJI iL^Jl 1^1 eg! squill iJLjjSG! j 1/ 4* o-oUl L^SCJI 
cijiil flkJI l^L^Jij 4 4.1. .J.:..-!! (j-Lill olj^-j £. l^^-j^ J^jJI u>itaJI 



^ = 1(T 7 n/amp 2 




Cfr-M" <#>Ij t«i ■JjUII ^-iUill jybl :(8-3) JS^JI 



ul J-t LjyUi jjuj . j^j>^i (J <-4j^ Ajlif (8-25) JuJj 

. ilU-l si* j jJaLxJI o t->-a-9 I— o CJlllI (yy^ <j>»l» (jiaiLj itaW oJl» 

F 2 = -Fl 

: J* U Jo: (8-25) ii^JI d\ (8-9) ibUI ^ jj^j 

B(r2) = 4^ 7 ',fr |r a -„|» (8-26) 
- ii |r 2 - (8 27) 

(jul^ill i_^4-j oLlj JjJI oL-o^til (J I J^jLc ojlil juo ijl Juiil _J ) 

<:.(_$ jlill (J I jui lij i oLo^Ul dUCl J^Uj j tj i-Jt-jj^ij . iiiliil 

iliju <u^aj j^SCx <3 JJ t jLjJlJ J^aiil ^jyJi <*Jb- J ^' (y W-^ °>j oi ^ 
yy^ill ywL-JL (8-27) j (8-26) yy^UI ^ ji^l ^ J (r) iiUSOl 



B ^ = g/ / (r |r 2 X -^ ri) ^ (8 " 28) 

'kLj> jj-U Lclj B o\ ^^ju . jlj^^^Ul aJ^Oj .U^JjUiil 

IJ»j . J (r,)i^ JJUdU jLdl jL-^^l >h J* Si I ^ (8-28) ibUI 

divB = (8-30) 



* E. T. Whittaker, History of the Theories of Aether and Electricity, Vol. I, 
Philosophical Library, New York, 1951. 



ibLil iL^ f\ (8-26) aJiUii iL^ oJtS' ^ B (i"^ ^ ibUI 

(jjAI jJi^J JU- it J^j • U>l.j ciUi ulCi^lj ij < (8-28) 

. 6>jli (8-30) dJoU.il oL o\ <J&-i ob£JI li* j^ldl 



OjULuj 0_jjIj OjjlaJ i-Jjl olL-Ja. r 8-4 
Elementary applications of the Biot and Savart law. 

ikUll jl (8-28) ibUil f lj^.U l<pLl~ 6^ jJI JSUI tfju. Oj 
lie (j Li jiiiL* j . o^UlSoJI i_jLl?- a^-UI oL^x-aII; L-j^-yi jjjt (8-26) 

jij I ojji IjLi' (ilLJI (jl . Jj>i= <ilL» (j jLjJI J3j* 

(8-4) JSUlj . r 2 <^J.L> SiJutj y ^loa-^l J* iUii ju* J Li I 

. oj^*^ ^Jw*^a3 L> 4JL4J.I oJjL ^o-Ujkl £*i^JI y> 



yu T J dx i X (r 2 — r.i ) 




i X (r 2 - r x ) = |r 2 — r x | sin 9 k. (8-32) 



| = tan (tt — 0) = —tan 9 (8-33) 

3 

jr 2 — r i] = a esc (w — 0) = a esc 9. (8-34) 



6 ij^ (8-31) ibLil il* Lu5^ oli^LJI ,3* ,\j^>^ } 



B(r 2 ) = ^/kif sin0d0 = ^k(-cos 

47T a Jo 47TO v 



(j-o <U_j"il i^ljjJI j cJ j jju> 3* L LiS" ,3^j I oJlbj . jLjJJ <jLU-l 

dUL j (j* (J^i I i-ljO tj»Jal~* .Ja,,„.„. II jLJI JLilj 

j ^^JaLxil JLil uL>- AjyL+O ty> jvt^JI (J-CJ • <L^L <jJ J5d 

Ujii-I LjL Ujj "}L>* ClJ^-y* jA^i\ ijl "^J ' i-j-^ ikij 4jl JJ-C aJU-I oJl» 
lift j _} . Jsui Jj'tJI (J-£- I j ( (_g-~JaLi.il JUil ^^jj) J»L\j 

(8-5) JSClJI . o>L^I Ij* ^-iyJ oL^il JbUI 
j ^i!) aj^jUI uj ■ i-«a^Z-il oLjIjo-^IIj ilL.il oJJ. ^-uAl j^>_JI 

J.£ ioilj L»_lL£ ^g-^s-Lliiil JU- 1 uL> i_jjJJail 4 ^5 :l lj c xy i^^lJII 
Ai^LJI f l^_L ^^-^Luil JUil v 1 -^ - r 2 s^_,z ^Ij^^I 

: iJUl oLiOl (8-5) JSLiJI ^ J L> (8-26) 

al = a d0(— i sin + j cos 0), 
r 2 — fi = — ia cos — jo sin + ks, (8-36) 
|r 2 - r,| = (a 2 + 2 2 )i'2. 



<fl X (r 2 - ti) 




Si) 6±J 6 J3 ±\ y_J»Uil JUI 8-5 J£ill 



: J* J^- (8-26) ibUU j ^1 oi* ^ o^**^ 1 -^*J 



(iza cos 9 + jzo sin 8 + kg ) 



(8-37) 



( Z 2 + „2)3/2 

: IJJ i ^^aJ! J I Jjjj ^Jj^l (j^J 



B(«) 



Vol _ 

2 (22 + 2) 



2)3/2 *» 



(8-38) 



. Z jyljLs-)!! jljJl-J J-C Luis' jjb (^JsLill ul JU- 1 i»-Jaj <_y~V 

0* LLI 6>&j 11* . Helmholtz coil _>J>*L* «-*L. ^1 UJut jLkj 



Nix Ia 2 



+ 



( 2 2 + a 2)3/2 ' [(26 _ 2 ) 



J | 

)2 + a 2]8/2| ' 



(8-39) 



J-UI . c^iUI cr> ^ (8-38) ibUI jjJLi U^JI .i» LW j£) 



N 



dz 2 



2z 



2(2 - 2b) 



2 (z 2 + a 2 ) 5 ' 2 2 [(26 - z) 2 + a 2 ] 5 / 2 ] 



(8-40) 



N turns 



26 




ydyL* Oil ^j^il (^tUiil JUI 8-6 J£i!l 



: Jtfl <J I Jj^i z J :L,.JL 



dz 2 



1 



2z 2 



+ 



1 



(z 2 + a 2 ) 8/2 2 (z 2 + a 2 ) 7 / 2 
5 2(z - 26) 



2 — I 
a 2 ]?' 2 / 



d 2 £. 



<fc 2 



[(26 - z) 2 + a 2 ]s/ 2 2 [(26 - z) 2 + , 

: J^l J I i^UI iiliil Jjj: Z= b S^lll JLLij 
3MoAT/a 2 |6 2 + a 2 - 56 2 + 6 2 + a 2 - 56 21 



(8-41) 



2 1 (6 2 + a 2 )?/ 2 

: La^c ij*^JI olb (^ifc ul (y-^-kj 



46 2 = 0. 



2b = a, (8-42) 

J^-C_j . jJaill (3_jLJ S-Jt djjiiil cju iLoliJI iiLil tjl la* j 



MoAT7 8 
a 5 3 ' 2 



(8-43) 



<L^j5' ti*^- ( _ s »i»J' tio«JI j 1^ I jji (_jJJ _^Jy»L_» oUl» 

j^sM J_£ 4*3 I _} ikij JLlc ^g-JaLiil Jlil jc»-U Lfri . O^iil 0^ 

iLL, ^Ijc^L B z (z) jU-I ul^^U . yuiil c?. 4*Ll\ i_**an- ^ <_>>\j 



= B.fo) + (z - *a 



as, 

' dz 



+ ••• 



: LjjJ j^Uj (^l^UJ (Jj'il Cj^LlII oliziil <jl Ifj 



B z (z) iJljJI LuSC^ iolji iinil 



+ ■•■ 

(8-44) 



< a/10 ^ JiM | z _ a /2| 4-^SGl I4J (jj£> <jJI iikdl j <ut j^f 

(_9^T S^jLc (_y> L-L-ajj «._):>- JiL B z (a/ 2) (j* B z (z) 4^i ci 

^Uii ^« oJU^-il) "(j-jlSGl" 5Ji»-j e-^JL; i^m-JI l-Lij . <L jwi I 4^~J»L*il 

^ 10~ 4 JjLu jb-I^JI y-jlSCJI . B ^UJ il ..:.„. (L.ji >si *oU*-.j 



4 ****** 0,,i *- ^1 ^J^-*" 1 

XT. 



: iJ^I Jt*^ 



32xW 7 



.^jjUJl eilil^j Vl.ljJ*. (8_38) ibUI (3^,3^ (5>^ »W d)U 
iiyi. oUill ^ N ^ \ J-e- jjj^U-l cjilil ol ^-^.j 

. (8-7) j ^oy 1/ L aJ^Jsj a e ^^iai ui^aj j IjJx- 1 JSLa J-t 

j^sLc (Jl L JjJaJI jt^Il; Zg ilalJI XLc (_j-~J5Li.il liJ- 1 iU-l (jSCij 

(8-38) iLLil j^Jajjj ( JSlill j £j>y y» 1/ dz L> J5" JJ* j 
La j . J^lSCllI ili jlu ^ubllJI yj i __^>L«JI oi* ^ jv^Lc J5" (J-c 

liij . Ndz/ L o jJU oUJJI !j» ^Z J^-^JI Ol ila*-^-. ^yi-^J 




2 — z = a tan 6, : y^J| 



z jo«lil JIojIjj 
: J "ill 



„ , . HoNI [' MoJV/ Tsin 5 2 — sin 6\\ , 
B*(zo) = J t cos 8 d$ = ^ > (8-46) 



: 0\ ii 

fl, = -tan -1 (« /o) 2 = tan -1 (L - z )/a. 

U~» s - i^l*^-^! f-^J (8-46) ii^UI j yLojl_pl c^o- 

:j.,>U c_iLU ij'^l Ai^jtl! j JUL I y ^ 

5, = noNI/L, 

. (end correction) i_iLJJ <^UjL>JI ^=^a^ ^ ^yu lil 

y \£ <*2 j <*l <jujjl_pl (Jj»--Aj LJlc (_u^S.T.,lt IJjb £"0^-> (_^-^J 

yJl* il^jo (8-46) ItaUil i_j5Cs |? . ijy-^ry (8-7) JSLDI j 

(8-47) 



lx NI 


COS ffi + COS «2 


L 


L 2 



ai -^ ; " 2 = L^- (M8) 
cos a 2 j cos a, ^ dl>Su. j J^i j^j 

R f, \ ~ ^0^/ 1, a 2 a 2 ) 



Ampere's circuital law iJL^SJI S^IjAJ J*r^ 8-5 

;.....UI:ill c^UI iJU j B liUiM W in* oK-^ 
^"Ll: ^Jl o^UI <fU;\ (8-28) ibUl 3 \ (8-26) ibUI sU~il 

divj = 0, (8-50) 

(JUd^l U^j . (8-28) ibUI tiliiJI uU iJ»Lo dlli 

U.^.H e jjh j^ii t r 2 J^UJI i^l «i» 

j;ui 

fa - ti)/ |r 2 - ril 3 

J*iLi)l jii-L *JIjuz-I < r 2 J I J^^ 11 0l ^Ijj 

^ j>>-^I JJWI y cJiii s-r-j ' Sjbl ^ ul J* 

L*^ iniil JU-t j ji-iJI Iju» J^j • r 2 J r l c**^ 1 

as- 1 3 jt>- j J (rj) J-UI tjl iiiiil JiJ Ai>^^ J-l^ 1 ^> flJ^-J 
U . Jj^l jI\ J-ISS ^ttto < di v J (rj) J^i J* j«Ji: 

: J^l (Jl JjjJ jliJI J-l J-IC; 

curlB(r 2 ) = MoJfa), (8-51) 

jvlUJI (J^aiJI (j j . iljluil oJUfc jjx- I (j^jli! 4^JuiLiZjl *au^aJI ^.J J»lk "... j 

lilt iJ-La (8-51) itaUil ^jibS** lilli c ibUll oi* I (3 

div J = 

(J I (8-51) iblnil JjjJ>*lJ ijSyZ* ijjJai fl-lstl-l Lu^lc O^lj 

(jioj j Sji-^" o^jli oli 6>^j <ul.l£lj 

I curl B • n da = B • <fl. (1-45) 

: ^ (8-51) ibLil ,y, curlB ^ ^^Lj 
^ B • rfl = /i j^Jnda, (8-52) 

. jLil Ioa J^L>- jlil ^£11 jUJI j ijjj^* Ho (ij^; t^** •J-* 3 " 

III JmUI J ;Lku 3\izi,H\ lj«J ;.i . ^-n • 



■ ik— -Jl o^U-l cSjl*-^ (8-52) itaLdl (jl Ijla* -wj 

< _ s - i J=>Liil ^la.j C**J>- t Jo ^iaJt dlLJI j Ji«Jo O^U-I <£Uu 

B(r) = iial/2irr 

(8-8) JSClllj . dUUI J* 
B • <fl = |B| cos x = |B(r <W. (8-53) 




i 

2irr 



£ B • dl = J ^ r <I0 = mo/, (8-54) 



. (8-52) 2J%1} i^U- i)U ZtaUl 
j tr^ oy^l ly.Li- a»j (8-52) 5JjU1U Jl^il 



fj e^iai i_a-*aj dlL» ^* Li jSwLo Ljl_jia— I ^U^j-« tiUi JLloS'j 

\ . (8-9) J ^oy. 

iiUIl CjIjUlIj ■ 4..,:»„.ll 4jjI_>JI JUlxj ul (j& ^ (5-*^^*-^ "pi 

• dl = 2xrB, (8-55) 




dUJ (^y; jii. 8-9 JSLiJI 



. Jiiil jLil ^ JSDl jUJI j Mo (ijU ut ^ *=*~^ 

: IJJ 

2xrB = /i 7, n < r < r 2 , 

27rrfi = 0, r 2 < r. (8-56) 



VTtf 



The magnetic vector potential. otiil ^^JjLuLil a^J-l 8-6 

UUoi LsJlU- ^-JJ (J I Ulji^JI O^UI UL> JiU^J <y U5Cc" 

cJUlJI iLJi^ iu~jJI dUi £o • gA^X* 5 ^ f-**-* 

B = curlA. (8-57) 
.•ykj JbjJ-l lift j ol .p-l <^^J 

curl B = curl curl A = mo J- (8-58") 

curl curl A = grad div A — V 2 A (8-59) 
: 5^ div A = 



V 2 A = -moJ. (8-60) 

J*orf- JJj^" Ojjj>-> ilil** (J^r ijLL-^Lj t eJ^Ulil oL5^il ^« JS" J*l£jL>_} 



^ ^15^ J«J ibl*il »oa 14^^" (i^ o}Lt£dl oU 0] jf^'j 

. 0*4-1 ±>U- 4t..":„,ll o^UI 

2LUI dUi_, (8-61) SJjUil J* J>^JJ c5>l 5i> 4L» 

: 6l Jfc-* cJUi • (8-57) ibLJJ v.^- J 1 ( 8_28) 



* 2 ~ 11 - - grad 2 t~ ~ ~~i . (8-62) 



|r 2 - r,|» - |r 2 - n| 

curl (?A) = <p curl A — A X grad <p, (8-63) 

Cmh ilrT^FTl J(fl) ) = ~ J(Fl) X gMd " IrT^rTf ' ^ 

aLUII j ^JliJI ooa JUoLj . r 2 J* jl*^.'^ Jfri) tiUij 

: J* J^i (8-28) 

(8-65) ibUI ^jU- olid)!! ^l>j o^L, 

: ii^LH ol l-v.i ' (8-57) il^UJJ ULc i^-ll. <i^aj 

<d ^^LiU o^J-l i^J ul <iUJo cr^-j) kULI c/^j 

lii LJl^ J^^kJI ^iuJU (iLL-JU . ^. r o iiLi- li^u A ^1 

UJli SuisCi &JU\ l^JJLIj .(8-61) ibUI flo^L-l jcc 

4jiill j^J-l uL> ol iks-^L. CJ i-Jj 1^ . I ^ ji» j 4 elliplic integral 



.( 17 j 16 j 15 J^l Jl 



IjJ (^Uiil JUI 8-7 

The magnetic field of a distant circuit 

J^il ^ Sjydl (8-61) ibLil J^JaJ ^SCij . L_j ^ I 



J efo — > / dr. 



A(r 2 ) 



4tt / |r 2 — rjl 



• 2^ 

(8-G6) 



|r s - r,]- 1 = (r| + r? - 2r, ■ r 2 r 1/2 (8-67) 



|r 2 — Til 1 = — 

1 r 2 



1 + 



ri • r 2 



(8-C8) 



: (8-66) lb 1*1 1 j ip«~uJI oift ^los^Lj 

A(f2) = 4tF Ik j dr> ' T» f c/r ' (ri ■ f2) +■•■)■ ^ G9 > 



(f! X dti) X r 2 = -ri(r 2 • rfr^ + eM^ • r 2 ). 



(8-70) 



d[ri(r 2 • rO] = r x (r 2 • drO + <Mr 2 • r^, (8-71) 
: ^ ^ t> ^Ul ^ ; y> 3 (8-71) j (8-70) ^Lil ^ 3 
didti • r 2 ) = i('i X drO X r 2 + \ dMr 2 • r,)]. (8-72) 



: ^ IJJ . (8-69) SJjUI j jUJI oil J*l£ j ^ 

(8-73) 



U 4 (8 — 22) ii'^UU Uij t JJj: (joo^-« (jw 3S 5 jy-oA I <U^L)I (j$U 

: IJJ t iJL ^^£11 o yljJJ m ^^J^Liil f>JI 



Mo m X r 2 

■ 3 
2 



(8-74) 



^ j r,«r 2 ol JU^I li» j t>j^l * *^ y j-^ ^3 

j ^ ui . >i iLki (8-74) iloUl ^--51 ^~ JI • J'^ 1 

: IJJ . oliLkdl ^ JjUi^L, t (8-74) 



B(r 2 ) = curlA(r 2 ) = ^curl(m X J§) 



mdiv^f • (8-75) 



dx 2 V|, 



,r2/ r5 r\ 



(8-76) 



: IJJ . o^Lcl j A3%]\ tjjil jJ-I j cjjry- >» Oy. ' ~^Si\ Ji>^ ^-^-£ 

5 (8-77) 

div3 = |-r 2 -^=0. (8-78) 

7 2 r 2 r 2 

. Jiii m (^-oJsLull {^yc J*. _ui*j If I t iJL^^SDl i _y|jJJ ^juAI J_CUI 
iL* ^ li (8-79) iJ.Lil oi 6^ (2-36) ibid I ^ iUj-UI oi* ijU*, 



The magiietic scalar potential. ,^J>Liil j^-I 8-8 

\^ \yu* ^Lo ^Liil ciUJJ J\ J* (8-51) i^Uil J-o" 
j eJ-l ^ ^ ^ ^ • ^ 

B = -Mo grad U*. (8-80) 
div B = -MoV 2 U* = 0. (8-81) 

: J^l JSCUL (8-79) ibUI ^Us^ ^ <ul Ji^l ^ 



B(r 2 ) = -/i grad 



An ■ r 2 \ f 

\ 47rr» / ' 



(8-82) 



(8-83) 



0^ <lJU J\ C Sj^l X-J. ulSC^L, 

lyJ^> :j\> ol Ui>> lilj . (8-10) J5CJI j y> 1/ a5C-UI 

^ p-UI jiitjl yjU t C iJU^II iJL^SOl s^SIjJI <du^ ^JJI ^ jUJI 

(^-J»Lil! c_)*JI SjLi' LJCt u^lj ■ I ^^ojj iJ^-ljJI ^j>JI (>• 

jLdl ^ s^Jb J5CJ 



dm = In da, 



(8-84) 




^J 1 



8-10 JSl^jl 



^k_JI J,.,.f...J J^LSlill t.\ yr\ jc (8-83) ibUil j li* JU-jLj 



U*(P) 



= L [ t2 * da (& _ g5) 



til 4 P ikiJI <JI da 1^1 r 2 ul ibUil oi* jj 

: (_^oj_jj>jJ1jj . (8—10) (jX-ill j t^°y .J* ^ ' — r 

r 2 = -r 

da is-Ldl Us.... j r <_j ^ ^ol; l*U (3jLj r. o da L^sGlj 

iwil ijj ij^JJ ajjL^. r. n da/ r 3 i^^LH £^*aJ li^-j . r ^ (S^^ 

(8-86) ibLU LJa JSju* . P ikiJ da i^Ul UiSCn ^1 

y-J^J' Jl^^ 1 • V 1 ^^ 1 jS'^ JS^I f J-^ 1 ti W- 



Magnetic flux ^J>Liil ^^Jl 8-9 

: Si^JL slkJLI A^SOl ^jJ 

* = / B • n da (8-88) 
Js 

oj^-^j (^^j ^.^.-.l^ UjlII ^cx^jlII 



f s B • n da *= J^divBdv = 0. (8-89) 



(S ^J»\sju, JU j J5" j^j, q ii^z, m -dii^ o>»^- 8-1 
<Sj>\* jJai. oli <^-J>! u^SCj fLc £~ 4-1 o\ 6y • Bo 

R = mvJqB 

d) j^il 6>*^il j^JJ Hamiltonian oLh^^ "^-i 1 <J**> 8-2 

in - 1 2 , . . g 2 Bo , 2 , 2. 

^^J^LjL. JLs *j-3>»^ °jy*» 10 7 m/ sec 4JLc dysy. <-jj* 8-3 
iil ^ ^1 jL. j J^ai (Jl>^!l jIjJL.U (I) . O.lw/ m 2 

1 2 j I[ uijLjj 6^«Jr usO'^"* cjj^L* J-t o^jjll 5_jSJI 1 o-jI 8-4 

. jUI dlLJl y dl 2 o^j^ v-J^Liil s_ji!l o=r t a Lftjji 

. I ojji IjU < a J^J* \ c IiJLL- L-Ij- }t£i dlL 8-5 

a r , . i jLj 4-J t W 4^is ^ (j-ull y Ijj>- (Jjji 8-6 

^rla.. (J-t O^iLi (J-i-i dUL. ^yi ic^Uail oLiJJI y N ojji iJLC 8-7 



4,a,, U JS" . oUUI ^ (jCjl^> <Sy-£ 15cm aJjJ=. j yj^- 8-8 

4,a., )all jJai l-a j 2 cm c5jLu (Jj'ill 4ii.laU jiai oL*ai i iij 4jLo ^ 4jjSl« 

t olj^l 4ju-i I jLJ J-^ oUUI oils' lili . 2.05cm cSjLj i^HJI 

(J-»*J • (jjj-Li-l J>* Jj-k (J-C 4jiil^)l Jali-JI (_i!jj£ JlLc j^-JaLiil 10J- 1 O^- 

. 4_J Jt> JLs-l (J I 

(_iJdl oli) y iij JS" (il ) JSLlll ^)aa« jj 

J^kll sjks-^ olaDI ^ N a 4*1^5 J^t, ( [juy, ^I5li, j^j 

JuU- I ojOi IjLJ 4-a-U ^^-JjUiil oJ-l ^jJa-J 8-10 

<£\ lk^X\ J*«i-,f. (8-38) ibUI £>j (z ^Ijb-'jll) jyt J_p 
JUwll 4_^Ujl!I 4^5" jH jjf~»j (J-c- Jj^asJJ div B = tj\ (_^- w- '~ 

. j^i- I ty lju>- <Lo^jiJI JalijL) Iss^styS Uj^-i (^^-*7 B r (_g-"Ja U*i I 

oI«s»lsJJ J=v"-" (5-^* (j.>£iil ^-J»U*il ojJJ L^j^jJI 4*5"^! I 8-11 

: itaLil slk«j 

r = (x 2 + i/ 4 ) 1/2 

i*a»LLL. illj IB Z I CJIS" lit (l) . (^JaiJI gs^TJ s - g^ 1 -- 1 " -^-J' 

1/ <tj^-I >^ (jr 5 ^ cs-^^ 1 <-M' J»>^ ol uru ' r a*JJ 

(8-11) J5CUI 

B r = 0, < curl B = ul J* o»-^> <jpl ^^-1 (Ji»jlJ : ik^^L ] 

. 4-Lstljl SJL jl iia^iJI 4-s-^. CjU-4-I cjK lil I,* ^JaJI fjakj i ( _ J Ja-.>ll 
Jaii Ijb-lj L*- iLU^ (!)U (jl <> (8-30) ij^Uil ^ Jj^ * 8-12 

: ibUil ul 

B = (r/r) X grad ff(z, z), 

Xt<J 




8-11 JSLU1 



ibLi J»- y» g (x, y, z) ilUI ol li^L L~J>1^. ^11* 

. JUI lj» J* tfJJI J jUJI XiUS" j^/ t 
: ij»U^I y-iL'Jl ,yJ- B 6l J* 6*^ 8-13 

V 2 !} = 0. 

. ^g-wJ»Ujw J»- Ij o^-] jjj o**'^""'"* Ja-^ll (jl 

t^Liil oJ-l 8-14 
Jlc R ol il i r < R j r > R : o^-t <■ jj-*l oy\* Uji^i— I I jLJ 



IjLj J*^j N oj_l» oUJUI jo* (vjiip- <j jjA*- 8-15 

oJ*i Ul^j a J^-IJI <_iiil jLi Uu^ . (9-2 JSClJI Ja^) , I 
oUJ J^b SjJI^JI J»UJI LiLjt jllc (^-JjLiil cJ-l ji>- .b //rjlil 
<_iUI J»-Ij <i ^-J»Udl o^JJ ol o* (^Jl b/a 2L-JI ^ t LjiUI 

. 2596 Jj^J *i Ji*^JI O 

Oujl>^ o^«.. o^>^ *s»lil (^JaUiil O^J-I (jl C~jI 8-16 

Sjis-j Jjle n j 4 t^XLJI J I JUI *iJa*u q* (>.Ji«JI o^ 1*1 j 1*2 ol ij 



lilL. (j^ 4jj£L« Ol^Lpjil ^ i.jjal^ 8-17 
oJjtL«_5 (b lamias CjL*ai ) o -*J«-L 1 (j^ <Ljljia~.l 

o\J-\ Cjy. ^jl>" If! J* (^-JsUiil JJll ci^*: 8-18 
I Ji^J t_y^»\ • (j&J^ ^la.i.l (^Ijil (3>»~J>lj (_g k Ujill 

. <_Jai 

jyi 4*3 1 j ikii JlL& 4*1^1 ( ^«J»Uill j^J-l ij! oJI (!) * 8— 1 9 

: (5jLu a U ^Jai t-a.^.i jLxJI jj* SjjSIs SaJ ( z j^l) 

v* * ill- — ^ ) • 

2 I Vo 2 + z 2 ' 

Jl_y Ji^-»J (J-t Jj-asJL) (jtjJ-l C$i V*"*" **t«aJI oJLa dJjSli* Juf ( 

. z < a ^jlU 

SUij . cr^i^ 6*4 U* 4^^! (j-JjUiil 0*4-1 uj (-*-) 

t/* = t/*(r, 9) 

4\tal*iL sLknil ^LuLLlM oLiil^lJI floiil^L t (jo . Z T 4i*^il jju 

ii^ (j I ejLali-l. ,j5Cf li*^ U* O^sJJ }U Ju^U 4i! 1 (3-18) 

. (Jj\?J1 JLLc (<->) j W" 6 LLa»- JjJI O4J-I 

_j B r yy^jil jlat'il (sr) j 4^- ^.:,....U U* *w» fOs«i«.J ( j) 

. jLJI iiJ J2U jj^t ^jU- i»U; ju* Bg. 
j^- {}y j}£ a iLaJauJI l^iiUS" ^yji- a I* jLi <Juaj S ^5" *8-20 
yt i»j>-jU- iJaij ju.£ (_j-J>Liil Jlil • 10 ^*J^^ ^£ 

. (JUj f i <_Jai jLJ Jl< 

LSI 8-21 

jj>t J^>- ijl jjjJI i^^J-l Sj^s- *J m 2 ' **i>* j c--JL« m j (_JaSj| 

iJiUil ol^J^I AJL^- j 4jl <ju . j> j 
tanffi = — 2tan9 2 , 

. (mi j m 2 4j>ti. Jlr r) ^ m 2 

uv 



ELECTROMAGNETIC INDUCTION 



SjS jjjjj Jx?-^ Jjt (jUUJI <j\£ J2J 

. O^iJl J-Ua* j ciUi O^JJ <■ (^J^Liil (>»^l j^*^ 

^oil oU^II OjjL" oliUI 6li* lr " f U ^Jl SaSl^l Vj^I o*J 



Electromagnetic induction (| j~JsLJl«j V 4£JI dJ-L 9-1 

(jjjUJL; £*>>U li* (J-t OJ^-I oJyJic ^jl^ O 1 ^ 1 *^ 0^-5 



U^U Jli (9-1) ikW ul dJj-u ul Lr ^11 . Ul^SOl 



S = • dl (9-2) 

, J 
* = J s Bnda, (9_3) 

: j^ll JSUJL (9-1) iUJ! ol^ ^ llij 
^Edl = - ~j s B-nda, (9-4) 

tiUi %aij . *jL~-L* J^lj UUj 0*'J^ 

y»Ja*. <J>1£> (J I E JLil eJ-iJ <^*^"' Jj»lSClJI (Jjj**i! yL* ij^Jaj f I ,t m„ Z,« I 

: jfill J* ^J- Ij^-j . curl E i~SU 

f curlEnda = — / ^ ndo. (9-5) 
J s 

curl E = - ^ . (9-6) 

. Ujjj] j S-r—J Ji*^' i-^U. J* J*jy C$JJI oL^'il! t£Uj^ iiiil 

oilil IJlA j (^~J»Ui* Jt? ot^Sw ii^l iJU^O SuiljJI e^ill J*ftj jJ^ijLl 
IflT ii Kin i^Ji sJA • y«**<l»L»*ll <_Ja» c§JJ j*U-> f^**^ 

• ■ — 



j slLdl ill- "51 1 j 

. £oUJI J>-iAiI ^r-J ■*-> j-* cS ^p-l 
LjUj^^JI iniloJ! SjiJI Jlilil (j^lf estates irf>U- I1U- d)L» 

* * « s 

B ^^JjLLi-. *¥T3 u*j*'j ' ^ Laj- 1 ^ i»L~« IffrLaij SuiiMl lilSU (j- 

£• i^aXi So i-uLj^ 4*3 1 J ojii li IjJua- £J . tflSC-JI (3ij^t 

LIlj i£)5LJI j I jLJ! jjjl **^>j . (9-1) JSLiJI j y> (juSUl 




iJL^jSDl i*j|J| s^iJI jj^, [t,-^. L.I . ^jLj J:,?.IJ 

8 / = I 2 R + Fv (9-7) 
\A 3 <. e /R aJUj'^I i^iJI ^ JirT I jLJl «JUjJ i^jj, 

li^j . Ll5 I jLJI J«L cil^ (jjii.) jloi. olij « So ^ JlyJI 6' 
: U^ 1 (9-7) <J^U1I ^ u a,..r.,.J ol 

tar 



(S +£')/= I 2 R + Fv. 



(9-8) 



So/ = I 2 R, 

: IJJ 

6'7 = MJt>. ( 9 _9) 
g' = g/v = — ; (9 _ 10 ) 



<»ilJI SjiJI (il i \1 2JUI i^iJI lij t il^t .dlo.(j o,m..,I ^ G' C)\ Jlo 



6=-f- (9-11) 



Ll£x u^'j • (9-1) ibLil <JLU i»-Jaj <j^J »jj>j 
fi = -Blv (9-12) 
L-u ^Llcl olatj oli V itj-^JI OolS" lijj . V*^] U^^J <£Uij 

ijj-" cs" I ^;- , > ,,x ' 6>^j JjJI v ic^^-JJ SwU^^JI ^-i'jil u^* «'l 4j*juD 

8 = B • J X v (9-13) 

j ^ ^1 i-iUI ^ (9-0 (PI f (9-13) iLUil ^jLcj 

y» (9-13) ibUI o\ o\ *J\ J* ^ (5>l . (9-13) ii^LJI 

^ J* o*jy^ (9-13) jujUi jUitij . (9-D *bUi ^ i*u. 

S^Ul is-L- jyJ y> ojI^J f (5jJi Ju^>H jyJI UU> t (9-1) 

r L (9-13) ibUll j l«JJ jLUI 2LJl^£JI ^ c^-aIj • v' 1 ^^ 1 

. LS y>- - S-i-3 



Self-inductance iJljJI 9-2 

1 — ijljJI cltioj yt> <iUj cijkAlj . iljjjL^ i*jL jf ^S' 

jt* I uli (8-26) ibUI j , s^lJJ ^jiLil J_c jl^Zxj 

l_JJaj L (jl jj ' (8-26) dJjU.il (Jiat-o J ojj ^r**^ (_5«-y iklnil ei* j 

oj^aj j! c (8-26) itaLJ.1 oia^- lil It I . jL-JI (ji^iJI JUZju (jl >* 

uj£; d<D/dI i^l oU < jUI ^ Lj> <_~.L^ c^JI lil t ^1 
ii^LJl jij L iJj-l <J> j*3 JU- ij| . G/I cijLjj oli 

L = ^- (9-15) 

<j»i dUj <_»}L>- ^Uj . ijjblj^l IJJ~\ d$/dl L^5CJI J\ J^i'il 
o^Lil f U*L-L, .(9-15) iUaLil r ;^b ^ iJ^ dJ^i ul J-iVl 
i^l v' 1 ^ 1 Sj-Jl ^ ol (9-1) (9-15) j (9-14) 

: ikUL 

6 ~ ^ A ' (9-16) 

. jLit^L ijjjs* 4^LkC oli ibl»^ ^ _j 

J 1 ' ^L-^ j (9-15) ibUil Jl^l ^°fS 3 

ibUil jj*" . (9-2) JCJI j ^1 ^iiK j 3 jL~ L^iii ijlJUl ;LUI 
uiA\) JLL\ oUll oU ^ cil t i^L v P ^^J> s^JIjJI (9-15) 

^^-J^Uij. JU -ex ' iij>^ <^i- jl >JL. J~o>; <ilL. ^Io^jl-Lj 

jl UL^I 5^5IjJI ^ JL^il u^SQl *>LI jLuI ji5CVL *JU ( ^jU- 
^J>Luil ^1 j ,>! ^ ,^UI JUI ^Lo^ a^/olSC 



^ <jj>- ud. 9-2 JSC^JI 



(9-15) ibUI f la~iJ olSCill ^ j^J lilj • tiUI J^b 

i»»IJI s^iJI s 'Jli of gM 1 J j>J-l <-^l <> J>*»~U 

: (ijLo oilil oliJ 
B = *^ , (9-17) 

f. 

(iJJ! jLJI I j iiJb>- JjJj 1 j oiiil oUJ iJs. Jli N ol ij 

<Jl*J 0* (9-18) j (9-17) cr~^ : ] J i$s~i 

JjLu: 9-8 ilUlj . uilil jJai. J^U- j^iUill c^oJL) tiJJI ^1 

oU (j-. iiJ JUJj (5 ill ( _g~J>Lill u^Jii\ Ul . [ t-o^JI li» <J^>^J 

: (^jL-i < aJJL 1 

*i = — j — > (9-18) 

* = — { — /• (9-19) 
dl = —I 0-20) 



i (9-15) ihUll ; (i^LAI ^ iLUiJ 4Ju*JI Sj^JI ol 

^ m >^&J *l<aJI Sjto-^JI oi J I (9-20) aJjUI jUjj . jj^l /i^U cJy 



Mutual inductance : UjLdl iJil 9-3 
: J^l JSCJL t i <J >L> 

n 

*, = *„ +#„ + ...+ + • • • + *<„ = 2 *«. (9-21) 



(9-22) 

IT ~ 77* Hi' 

aJjUII c*-s til Ui jUJI 4iiz~ . \^>\y d<$ u /dlj o^UUil juo 
4-«mj <Uj1j Uj^c jLJI J.* o^LUil oJus jui«j' oij . (8-26) 

Ljtf J _) . iww iJl^ S^U i*j5UI i-^-JsUiil J»Lj^U i-ki-^UI oli^aJI 
t<5<J 



= M H 

. itaLill **IaJJ iJii-JI j>«^JI j ^L-J^IJ >tajL. ^ <iUi jjjtj 
S^jIjJJ iJlJUl iJLLI ^j^jU Ji^L ^ dQa/dli oli JU-I 

jLjJI J^j i!ULl oi* J . N 2 j-xc >-T UL. aJI oL^bij (9-2) JSwJI 
aj^J L~~J>L_i* Ij ojoij Jj^l oiiil j (5jw> (iJJI 



: (ijL: *1*J Jj^l ciUI j LiJj 
: cijLo jUI ulll J L-J,L>L. Uui 1/ 



z 



Lj = ( ^_ 25) 

J 

HoN\N 2 a 



M 21 = ^'-p-- (9-26) 
: jLi^I ^kj 1 2 jLJi lU^f 13 1 jit. J^i f L^iCx Jiil, 



"Z 



L 2 = ^-y~ , (9_ 27 ) 



M 12 = ^M, ( ^ 2g) 



M 12 = M 21 

j (9-26) j (9-25) oMdl ^ 6l d)i ^ SUi, . iJU.1 a i* j 

: J^J-(9-27) 
Mi 2 = VLjL 2 . (9-29) 

cry cr" 

iJj-l i->jJa J^>LL <yyo.pl jJJ-l (cijl— j jl) 0» J* I tela 'rj ' c^y-u^^" 

J^U |»JLstZ-jL ULp Jyjjtdl lift f.y& (J_Cj . <>jyljjl ^y. JSCl ijljjl 

71/ = ky/LiL 2 , \k\ < 1. (9-30) 



The Neumann formula iw* 9-4 



<y» ( jviU-l oi^JI j 

21 = ~ (9-31) 



71/ -*« 



^L«5JI Jj>j4 Lf 4 I j £• Lo i_— .Llj *21 i=*-JlJI ojj> JuJ j 

(8-26) ibUil Jl*lJ ilU-l j ^sCf *JLe, ^*2i/dl, tSjLJ^i/I, 



*-^JJi,^^1- rf «, (0-32) 

dllX ^ = curl, ^ r-^-, ; (0-.3) 

: IJJ 

*21 _ y"0 / jj, f/ll 



■il/21 = 7^ = ^ curl 2 f> r--^-^ • n rfa,. (9-34) 

/1 ^ y^, u Cl |r 2 - iy,' ; 



: J* J^i ^sJaJI J-lSoJI ( J ! ;_j*jJ ij^k; ^laa^Lj 

. ibLlil *JL»«JJ ijX*y^> <-*j*-> <jj^J 

: j^l j£UI i»-b 

Ajjl jjij^l i_~-~J cfJlJij ( <bl«ll oJui Jj : . la" JLlc (jijis- <j_}5o ijl <-r*?r 

ol» jJJ-l Lj^IL. lilj ir|=r', iksJI iXUd\ singularity 

. ly^ S-u'U oli iL^I a^SC" (9-36) ibLil 

0^ i^J-l oLJ- (9-36) j (9-35) <£JjUI J-J*: ot j** 
V. -AP <i^' fij^^ (Sy^\ £Jjj> j i*^ y^U- JSLl; (9-35) itaUl 



: <ijl>dl J^j Jlydl oLLLL 9-5 
Inductances in series and in parallel 

<yu^ lilj « ($jl>dl J £J JlyJI J* ^ Lkjj c.Li.1 ..k.^-L. U 1 ^ 

g = -L(dl/dt) 

0- ^ uW^^ I j-" ttUxc ol iiLis- J|(«J lJlLj ciUi jUl 

4*_J^ ^£ Jj*aJ-l ^ J^£-> <— jwI i»U ,_^c Jj*aJ-U . (tb i.jlli.1 

Ji^ji iUiii obi i 

. oLU-l J I iiU^L. oUjli. jlUI lift j y.U^, 
. oJuii. 6^ Jli (9-3) J5CUI j iLJll v c L^50l 5>IJI 



oi M Ol Ji^^ Ul ,^11 ^ S^IJI _^Lc 0*4-1 j JsjJ.1 £?- JLLcj 

C 2 Cj oijLil ^ (3 1 »l*J ,j| dUi t iJL _jl iL^S" 
tjuu ,^1 lo* liitl lijj . (9-35) ibUI j M ^ 
iJL^SJI s^jloJI j^Lc ^ 0*4-1 j oljiidl jjl lio^J 4 jLlc^I 

: cijLJ (9-3) JS^J! j W^il 

AU + Si + £ 2 = + R2I, 
Aff=* 1 / + L 1 g + lfg+*,Z + L>g + *g- (9-37) J ' 

dl °' ^ 

AC7 = («! + fl 2 )/ + (L, + L i + 2M)- d -- (9-38) 



-vww irsw* f 0000 1 mw- 



Jl>dl j& 9-3 J£UI 



Lj+L 2 +2IMI(i_,L; ol U JLiLI <u^5 ijj . Lj+L 2 +2M Lftjoi <Ljc>- 

1 2 J I 1 U'-J 1 — 11 l>* L^UI c^uii) i^JL, (jl) t^^il ul>"^J i~~JL 

i-— JL. L j + L 2 - 2IMI (ijL: (jl jl t ( j^Ul j a^|_, „UL> 0^ Lo^c 
: ii^LJI j Jl*;, ibLzil i^Uil J^oJI ok^Jl ol • U U1 ul>"^sU 

M = kVLjT 2 , -1 < k < 1. (9-39) 
JS^JL J|_^J| s^loJ iJUJI ^ ij^j 

■Z/eff = Li + 2kVLiL 2 + L 2 . (9-40) 

. cJUl J^iJI Ji^ 



H (9-4) j£UI j 

iJUJI Jyil >-^j> . <J1>J1 <> t^Uxil L-R 

JIjaJ 131 4j5l)_5 . R 2 j R| j L2 j Lj oLaSCL! JIjj \& <JUi!l 

(9-41) 

^uJ (9-41) ycjjUil dl 2 /dt oiJ^ jr* Y,l dlj/dt oiJ^ lilj 

At/(L 2 - M) = (£,£ a - M 2 ) ^1 , 

* (9-42) 

At/(L, — M) — {L,L 2 - M 2 )^ 2 -- 

at 

1^ tsji^Ji j* i{Uu ^ yuji ^ 1^ 

ci'r <J* J>-aJ-l c j>^. Jin: ^Jl yi^sCJi s^l^jj 
i-jUll ul ^ Lu50j . (9-4) J5^JI j iuJl iJU^SGl s^'IjAJ ^15^ 
>» ^jill J* jU^I li»_, . J* 6lj-^ 1^ iJLilsai ^J-l_j ililsQl 



TV 



M< 
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ic^wj B ^j-uJsLu.. JU j d ^ 1 aJjIj tilL. J5li, J* jju" &*>y 9-1 
dUi j c B.lxv <5jLj lilLJI j ^ j^J-I ii> Ol oJI • v 

^tj <lJlc Jp- jjJj Jb>-l_j jL> aJjJ> (jj*^ s-rr^ 19 9-2 

1— iill uUj- 5 (i>^~* • 12rad/sec U jji ijjlj icj-—; <_~JaiII 
ojljJI s^ill IJL . 0.3 w/ m Jkzi« j^-^JpLu^ <JL# J_c <iJj*c 

i»jl>ll j-« ujSj uL; jl^L-'itl ^JiLJI jj cs - r L>Liil JUil jb: 9-3 

B, = B(r), 

q ^isti, (JUi I la* j jjjb . ^LjJI jyi ^ iiLil Jlx r a*JI o' 

. L»jji ijjlj icj^-j m <uJu5j 

a) = qB(R)/m 

5jLj,JI i_i*^> (ijLo J\ jljdU J»UI ^JaJI J^U- B(r) J SjL_)JI 

. B(R) j iULLI 



ijjlj is-j^i J>»- jj-Jy s L»jji 4_^U* ji Jj^c- J>I^Ja~»l 9—4 

kij\y a jyAi ^—4-1 lift J..C- B t » JaL« lili .CO 

Li-u o>»l* ("Ijiati^lj ab j e^il jLjJI o^j^- (jr»* • (9-5) 

( _p- ) j t R iajllil S^JI r>i:~ (t->) } i A <_aiil ^ B L^iil Lj jk> ( I ) 

. S ^biiil 




<srj> (J I <uUJ OJlL^>-I Jtij (5^jIj <Jai« ji ii! iy (j^SC (_aL 9-6 

j 4^1^^ it^-J ojUail Ap-I caIII jjJj . oljLJLL- 

(jl tiLSlt lit. . LlyiLt uljj-J' j>* o>Svj Ljj_c cJy 0.50 (5jLJ 

? - i' r- ^g— -JsUjiil JLsil .'Tic. > 

(_^j__^JI . CO <c j^-j °j>* d>?- jj-^j t ti^jj'- 5 {j° J* 9-7 

* "... 

JSUl j i_iUtf oULII ^ N y o^SC. ^yiU j jjfJb- oil. 9-8 

b <_iLil ^Jai oLrfii (jlS" lili . 4.,. u . . U L«-« jji ojU (J_c ci^iJu (9-2) 

: ii'^UJI ( _ J kiJ i_aLJJ 2LJIJJI 5Lli-l Ovol t a ^k* i_i*ajj 
L = noiV 2 (6 - VW^l?) 

_j R [ 1 iirii (jcLJ I j la en I (jo j^Z) y Aj y^j> <J> L; a Ji\$ 9 — 9 

ul « a^U-JI j-l^jL LU, L dj^il U^ij t (R 2 >R!) i R 2 

?5yMJI .Jul iJljJI 

jJLj (9-8) i]Ql j 4JJ jLHI yiii-l oiUI oU joe lil 9-10 
S ^ij-^ 1 '"^-^ ' a= 1 -5cm j b = 4cm 3 iiJ 150 



TAT 



J (jbjjlj b _j a liUuJI ijojyws ijoj^jb OojJ 9-11 

SiLdl ojo' lil W (joUDI (jo JjUzII ii*J-l L. . r ojjw j*j J-c *z*j> 

~ o* „ ^ 

ijl c*-^7 r ojjii _bo (J_c o Li£-^*i>_j^ jLjJJ uoj^jIj c>\sJii 9—12 

I/l^ U^j j*JI IJa ulS" lili • 'cjJj^ 

. I ^^ivsUi ibUoU iJLi-l (j^J lisjrfr (3 iaJJI J I ^L—JIj cjuiJLII (£J»-J 

t tilLJI ^ j «i» J.J»:,„11 . d ^-^Ij h 4jo*j jks-l J,.hr„.» 

i_— »-l . <llc r + d j r l,j>jji i>.Jjo (J-t u^-iyj dlLJl o^jl,jj h oIjoLaIIj 

. (joLoLj4^Dl (jo^jljJI (jo itaLjlil 4^Jii-\ 
Ij^JLyaij b j a ^fc^S Li-rfo jjjil IjJj*2* dlUI ooo^jI^ (j^J 9-14 

(jolil! itaoJlil 4_JLil (jl 6oi_5-o "(ji^vs fl-Aatl—l) . X Ifcjji iiL~« 

ilf = mo(^) 1 ' 2 [(| - *) - f E(k)] • 

2 4o6 

* ~" (a + ft) 2 + * 2 ' 

jij elliptic integrals oL^l; o^oC; \a E(k) j K(k) j 

r' 2 * <*^ui 

XW ~ Jo (1 - Jfc 2 sin 2 <f>)>/ 2 ' 



,»/2 
JO 



E(k) =1 (1 - fc z 8 i„^) I/2 ^. 



j 1 / lr 2 -r, I i^SJ) a»- . iiLJI ilLil <s j±\ ij* 9-15 

^ t (jijj-l (3^ <L)__^Jaj 
MoiroV / 06 . 75 oV \ 



fc2 = j2+ (o+ 6)2 



JjSlI ijU\ .(Sj±H\ j\^r Cfe^jtf oUj5Ij C^ij 9-16 

lils . R2 iijli-j L2 iJL>- ciUlf i^Llllj R] Lj Lajos iJj- dlLi 

(jJI i^iJI l^S J\ cuJI 1 M (5jLJ (^J^IjJI ItaLiil LlJ-l oils' 

: (ijLJ qu^UI yJlft (3Jis-j J}U- cjLjJ 
Q = Z0M/R1R2 

<J IjjJI J5Ll) 60 ^1)^4501 iniljJI ojlLI jJU^> JaJjJ L-JlLc- 

jji iU"^ SjL. (j>— _>JI j£ jui*. B(r,t) ls ^J>lju. JU JaL, 9-17 

aJu^I SjIII j oJjM r ljJI jUJI iiltf ot c-iij (9-6) ii^UL iii^ll 

v 2 j = 9Mo(3J/aO 

. ( div J = \ <3 1 ) oL^-iLI o jji "it <G I J* 

yLJ C fcjti iJL^ Sjj'Ij j SJLj^SCJI SolJI ol oJI 9-18 

-*l A <fl, 

. JL^J-I Jit A (jl i) 



V\tf 




o ^ \ C JJ iL^JjLiJJ iy>\^-\ 
MAGNETIC PROPERTIES OF MATTER 



yuu. gjy <y CS-^^ 1 O^^ 1 J*^ 1 j 

Ail ^ a^SO jLdJ aLU- s^Ij £. Sll. J-l«JI UjjI lili . d jUU 
dUJL J^AI »UJI j t j-J>Liil JUI Uil^-L t <iU- j>. 

J4* ( <3jU Jx-_jj tfJUL aL^jLI SiLJll }U L*j u^j • o>>^ Sj^Lx 

• r~ 

oo» . l$JI jjJI SjJUl (Jj-lj SaJU Ojj^-M Ji" a5" ' aS* aJI»- 

ol,UI 

oli^j'^lj AiJJa.ll oljjji^lj'i! I l^amJ A^jejJI JliljJ ^ (j^JLi ^Ji . a >• 

ii_j-b>- (J I i^jjj'^ A^- A-oljjJ a5" ^ ^yc t^L) J^HJ ( < -r J ) J ' 4->>*'^JJ 

j pftL J^jJ' C^^JI l*-- 1 * LT* ^ ^' <^ £*J • <-^J' j Jli^Jj 



Magnetization Jk;juJl 10-1 
liAj ( Ajji iLol oli \jcr IjJk^o o LLtf jLJ JS" j*j 

ijLj <jl Ai-iJ-lj . ^~J»L*-« i_Jai jLiS" ~& i_~-JI 

M = lim f E m » 

1 oJ^jJ ^g..ic..Jo Lj.ll (_ . Ue II (J Lj CSj^J ,la ■'« iwJI (j^ 4J» L» ■ j 

Jl>-^ ioLicJ 4-JL.c ^ (10-1) itaLil J iLt*d[l ijUJI • «->UI 

^-J <c5l)j c A^j^L^JI ^JiJI A^p-j ^ Ioj»- I Ji**0 Av 

Silll I4J o^j^ Jpl i!U-l j j • 44=^ M"- 1 M iL»5C!l 

J>*Jjo M JxLii Lllj t ^yy-jU- ^g..wJ» JL# ^>^-_jJ <uXl j . Ill j oLjLlll 

.B M il?il aa^J, (10-6) jllJI j Jjbju-j . JUI li* 3-5^ 

l-— s«J-» JLJLj ' i«>L« M(x, y, z) ol 0^1 j^*^- 

mLlJI j ^t^Jll o'ijUil ^J^Liil Jljil (>_j51j j 4 la;; ..1,1 5j>UI 

.(8-7) 

. SjU.1 J^-Ij 4jjiJI oljLlil L^f- UvJJ l^Ja.-7 M a^J,| JJb ol 
•b~*yS \i}jJa* pjseJ- 1 s-b-jj jLdl ^>jlji ^Jic M 0^9 JUAajJUj 

(jU 4 iZ^JI iU^uJI ^JaJI i^j-^J UJ»j . L^ijj^ J5d (^JjLill 

iJ^^ cili" J £ L>i^j (j5Cf 5jUI jy> i>L!l S^-J.Lill ol^LII 

4 CUrlM ilUI t Oliliil oia CS-^Ij . JaliajJI iizi* jl Ja-^UlJI 

(3iJI ^^JsUill JUI ^ 4_iJ jOlJI -J^j c$JJI ^yljii-l jLdl iilli" fjl^J 

. J M -J > J j J ,k..;..,vji jLj Jibs' 



giJ « \Jbx* Ja.:.;»r.ll ytf lili . ( 10-1 JS^JI Ji^) cS jlyt SJ^-lj 

j J Lil I jLJI J*jr J I ciJjj \* < *J jjUI jLdl yxs jLJ JS" ol 
* ~ *• 

jviJI is-ti 4 jjizdl jvc- O.V.JI J.* JILLS' j . iHi" jvc AjjJJI CjIjLjJI <_9a»- 

^ U-UI U^rj lilj • (10-2) JSCUI J o^ 1 J^^-U J*^ cSJJI *<y>-Uil 




J^-lj dULi j_jjJ Sjjj vjIjUj J.C li>^ <,,,„>,hUjj 5jU> <h,„;< oj^tf 10-1 J£±JI 



o^o 
°o Q o 
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k--i.:.H j jviJ- > Jli. 10-2 JSLiJl 



y jyt. a UL ^| i^j^f Cr^y^r ' AxAyAz (ijLj 

«M(x,y,z) j* y^J-l _^xjj| j liU .(10-3 

M(x, j/, z) + ^7 A?/ + Jxl oli JjOs- 





— j— Aj/- 
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'As 



M x Ax yAz Ujojj Jj'ill ^xjJd x.jyU »UL IS ~J>IA\ pJI 

: 1^ jJIjJI jUJI iJlu l^ltf ^ 

M x Ax Ay As = I' c Ay Az. (10-2) 

+ ^ A2/ ) A * A2/ A * = l " Ay Az - (10_3) 



(^11 iiUJi jlLc \fi Si*) LLJI <_J^JI olji jjoil LL*I 

jlJI 4i«a^ ^ -Ma.'i iiju* . Ijjf I jji*e J " *" l)^ p 2 ?"'' V* JLLc- 

: (ji^r^jJI ajJKJI ^yL-^il iikdl j J-c'il 
• 1 iy - I'J -'^AxAy. (10-4) 

yk-^JI i*]»dl j t L* . j^s. $ j y ^ .UL „L.:.i..J| U> Luls»l 

Urjup =* &y- (10-5) 

jLj yij^J (j^f-— J (jljJJ^ ^iX.nJ ij^-*^^^ oljlj-JI oljL-^H If* O^j* 

oljLdl <>• UjIj J <j.J*..tJI JliLoJ ^j* L£U IjLJ ys j 

: IJJ . AxAy (ijLJ (10-5) } (10-4) o^Ul 
(/„), = ( i<H$a) 

J^=.curlM. (10-6b) 
. J»^:JI ciliiij (ijL; Ja^iJI jU iiUS' ol ^ 



: ~<LJlA\ Sollf o* ^"Ul (^Ull JUI 10-2 
The magnetic field produced by magnetized material 

sotti ^ Av ' <^ < 10 -i) j f u n b 

Am = M(x', y', z') Av'. (io-7) 



j^Lt J5" ^ >T ^ _,!) Am JT ^ i^UI (x,y,z) <kUI 

. ( Ay' 

. ^U.Wi JSCL u^L-SII lift J I jslj (10-4) JSCUIj .5^ V G J&l 




8-7 jjjl J >U- . ciUJ^I j±l crr J=Liil JUI J* J-^ f o*) A 
is^UI <_^->i (x, y, z) iLsj j^c a^i-l <J**i 

. /x / M(x', ?/', 0') X (r — r') , , 

A(x, y, z) = ~- I — — uL i L —-~n\ ~ du' 

4rrJ Vo \i — r'| 3 

JjjJ.1 j (1-17) (1-9) o^ILJlI f l^_L J,1£JI li* ulSC^Lj 

: j^ll Jl (1-0 

^«* = £Lv^" + zL£*5\«' («»> 



ii^UI ijyo (JjLJI 50s- 

jjf = M X n, (10-10) 
(10-9) ibUI (10-6b) (.Ij^I ^ jjx^ 

AW " Wk |r - r'| + Sj So IF^Tj • ( 10 - n ) 
oljLjJ ^jjjj ^ ^^-J' 4^11 J^J-I ijl ■ iij^j j [_^>Ijj 

jLji iiiisa jv^ji ^ (10-10) ibuii oi Ji <~> J 

J.vf = curl' M 

^ ^-^ i^-li- ij>^ M Ja^JI ^ j M i-X". JUol 

. J \] Ac jJ- I 

^L; « oli., (10-11) iJjUil J ^y. 

<_9jJ,l 0> SL iJL*JI oL^aJI ^ M y> yj. ^ ^1 ^1 < _ UU I J^J| 

J^^LJ I,. r UJI d>Ldl iu^. cJLa LjUj t curlM oLd^l 

J-l»JI J^iS'l ^ ^ -^Utj .A JUI ^ g^-J-l^U oJ-l J* 

>l L^L-I ji J_,Uj (10-8) ii'^UJI Jl >yj2 ^_JI Ij^j 

IjA, . A w „a B y» ii-^ j '^5 t ^^L.'i'l dUj ^ 

sU-lJ'il 4_Lx ^ Leo 



B(,r) curl A 



M 



01 



(r r' ) 



(]() r.») 



(') 

JjjJ-l j iijoll olblkdl Jl jyj <dUi j-i^dj .(10-12) 

.(1-1) 

: (1-10) iilkdl Jl^L 
curl (a X b) = a div b — b div a + (b • V)a — (a • V)b. 



'■ s - o^^-^^i 



= M and b = (r - r')/|r - r'| 3 , 



O^- (0 A^jUIj i j^y\\ J-C oUljj-jU A— JIj da~y J*ilidl SJu* (j I ikj-^j 

: jtfi J 1 Jjj: fcblki! ol 



curl 



M X 



(r - f) 

lr - r'|3 



M div 



(r - f) 
jr - rp 



divM(x',?/',3') = 0, 



B(r) = Bi(r) + B„(r), 



B i( f ) = £p ! M div 



(r - r') 



dv' 



(10-13) 
: ol Ltj 

(10 14) 
: ol i>J 

(10- 1 4a) 

(10-14b) 



' ^,1. a ia..'.v« 

■j^'i - (X.V.Z) 4_kULj Ja_^ V, ^5/ iiL^. (1) 

< (10-5) 

. V -V, v-ll iikil (2) 



xvt 



Part of V' 

0* 

<JU «J»£_' 5j_jU! iikil itLiU! i^Ull 10-5 JSLiJI 



V! j^J-l ^Ly j/^l J^lSoJI « ^15cJ B, i-'US" ^ Ju'j^ 

a*LJ! J* (ij^ ciiJ! oil ^£1 . Vq-Vj ^1 ^ jtiil J,lSoJ!_, 
j^J-l (iJJI J-1£JI J*jt c r'=r ij^ olSO JS" j 

: \j} .'\ ji+o Vq-Vj 

E l( r) = g/ F Mdiv[|^]^ 

= / M div' (s/s 3 ) do', 
s = r' — r 

J^U- ijjU l~£ M jLi^j jL^-j jf'L. 'iii . s = 

: IJJ .'M(x,y,z) ijjL^j V, j^J-l JS" 



B x (r) = gM(r)^div'(s/ S 3 )(fo' 
= ^M(r)f 



MoM(r). (10-15) 



i^l Jjyt LSs. . B„ jut ol Jjl^j jliJI J-ICJI JjL- o% 
ii^l J^L, ^Jl (1-5) i^LLlI l^l^-l ULl^o' 

+ M X curl ^ rffa ]' ( 1(M6 ) 

: IJJ . JJfcJl 

Bn(r) = -M Vf/*(r). (10-17) 
oc^.^JI ( _ s _J,Lvll U^jl— j i *i SlU Jlc U*(r) i-50l 

''* (r .l/-, M(r '" r' r''>' (, °- ,8) 
: cuil JU J* (10-17) j (10-15) ydaUl ^ 3 

B(r) =-- - M() vr*(r) ! /i.)M(r). (10-19) 

oJ-l I-vj : i yL^> M ( yjl j ) i~rjU- ^ ■ t^^ 1 



: ^j-J»LiD ^-LSJI SiUSj oC^Ul s# -J>Lill j^J-I 10-3 
Magnetic scalar potential and magnetic pole density 

(10-18) ibUl JL^I ^lil a^-l ^ ol 



M ■ (r - i') 
|r - r'p - - — lr - r' 



|3 = M • grad' 



M 1 

= div ' \T^~7\ ~~ |F^7| div ' M - (10-20; 

: j^l J£UI (10-18) ibUJ 
rr*/,i 1 /" M-nda' 1 f div'M J( 

(j» «ol <i> (4-2) j^JI ^ jiLdl ^ ^ 



P«(r') = — div'M(r'), (10-22) 
0>(r') = M(r') • n, (i -23) 

Jali*ZJI lij . . ,)a..'. ■ o, T U t k" ■ - 1,-u,,.,. K Uj^ 1, . ,. »o 9 JltU ci^" 

)n i..J 

Lcjj iJLL. iJU- Jit JltU lia (jl (y ^ i^-J • oLksl 

J* ^.nLi joLJI IJl»j c 4. ......kUjll 4jlj] J..C- joU (j^LLill 4j I jil^Jl) 

^ L» lejj A a T a i_Jai J£" jLLlij (J I ci-^Jj ^ ,la.«,»rjl |»UiJLjJ 

. ( i~s«Ja_JI 4'ala.il 

'. o^SiVkj* ojj+gj JLpLjJ! Aj^Ja.) 4j»* L'.'J. ^, ,»» j 



xvv 



f r-div M) dv + f M • n da = 0. 

7f - ? *"o 



J^l JSCU! J^t (10-18) ibUI . o'Jljb (ioll jUii^l J-SL- u^Ij 
w 47r7v„|r-r'! 4tt ./,s |r -- r | 

\jJ-*i\ J (-Mo) ^ ^ B(.T, 7/, 2) J_c Jj^aJ-l t jXij 

(10-19a) 
. (X, y, Z) ikaJ! JlLp 



: <Li......hliAii i'JtlJI . ^JjLidl Jl^l jjUi* 10-4 

Sources of the magnetic field. Magnetic intensity 

JL9 C 4 KL*11 il^ii (j^^l >*J < Jill I J^— J--^ JojJ-U . L . h . a^ 

CjI^jjI < 4ii . I Ml oUjji^U^I ^ (jj^JU jjiLji?- jLjJ "iULs- 

' "* " I* 

: j^ll J£UI t^ULI JUI ^ SjyJLI aJ^>UII il^ ^ 

B(f) = 4^ f v J -f^r^rf Ldv ' ^ MoVC/*(r) + Mo M(r), (10-24) 



rvA 



if P^/ if . 

S ^LJIj, . l^L S^ULI jUU iLU-l ^i>Lil j-jt J*l> V 

iiL^ U . iilzil i»Lj^l Oih i^^t ^A^ 1 ^-^J ^ 

. iilujU oU^wlJI JliLol ^ iliiUJI <U_iLJiJ-l oljLljl J. » J j^jJ' 

. M JxJwJl j J-^J ^JjjJI CjI jLllI U.I (J-^ 

lil U ^Uiil cJ-l ^ (10-24) ibUll <> ^ 
i jLiJI AiUS" JSLil j . J»lsJi j^-sr J _} M c^^il 

lil ^a- 4 jl^- ljJ>_> .B (x,y,z) J* -ujjy M (x,y,z) .k^uJI <l*^. I jlj 
UjL, JV^I y-^l j J^" (10-24) ibUI yl « M(B) iJIJI ^ oi^ 

H=—B-M. (10-26) 
Mo 

: J^i (10-26) j (10-24) ydaUl 

H(r) = S / F dv ~ Vt7 * (r) - (10 " 27) 

H ol >» <iUi ' ojjL^I »j* <y ^-y-" / l-^j 
,oUJI jlUI j l^sCJj . °m 5 pm J^U- M JI;M 

iiUSC IkJ^. D j^Lil **iil 0^ <^ ' iXJUi-j^iSGl 5JU-1 ilU-l 

j 4^>U- Sj3-A>J ' 4~~J»Liit ij^LJI j U* Ij-J^ ^ S-*^ 

li* ^ (3>J-I ^>^j j j>*^l Jj^— 3 ■ M*- 3 -J*^ u**^ yp' JjI— 
Jb_ks*JI Aj- j ld„,a'i ,k'.i«"H S-^J V-J>Liil SJ-UI 505-_s_5 . J-aill 

• I Ji<-*l 



The field equations JUI o^jI** 10-5 

: iJLyiLij ijjJiidl ol jLJJ ^ LI 

div B = 0, curl B = n J. 

JUfl (y..^l j ik-Lijf SjL |*»Lj U-U* sift J_uJ oLS" (5^— O^lj 

. B JaUjJ.1 

<_~~a ob (divB=0) j^LjJI ilil« yi Jx* .^UJI | dh,^ 
pUI t^Luil JLAI . iJLaJ-l oljLJI ^ i*UI i^Ull o^UI J* 

I OA ol ii-Jii-lj . OJL. J+sr UsjI 4ililil t ^Slc ikjuJI Si 111 ^ 

B *^iil 6l lib Ij^j . (10-2) jllJI j .UUlJ ol o^ 

curlA U^A> 

div B = 0. (10-28) 

. Sjj^aJI ^L^r <uLc 4j^s oli 
LJlc <_*s£ L»J • Jir*l o>»liJ <LLbliJI ii^aJI yfc "cilill^l aJj " oj 

curlB = Mo (J + J M ), (10-29) 

oI^^Ljj . ..ll I jU ^ J M j <y^jiJ-l J^' <y» J ol ij 

: J*" J^J (10-6b) 4i^UL ibljl i* 

curl ( — B - M ) = J, 

V Mo ' 

: i»«aJI »jlSC: ibUI .a» ol* (10-26) ii^JI j »W U^J 

curlH = J. (10-30) 



. y^Liil JU~1J 6l^-U oUjU- V* (10-30) j (10-28) oUjUI 

H j B t^jyt- ii~^s. £«j ii^b Jj-ls- Jaj_^ (juJjUil (julft j> I JLse-L-/ l_J 

: j^l Jl (10-30) 

curl H • n da = ^ H ■ dl 
= f J • n do, 

£Hdl= J. (10-31) 

Jli. jL- J>>. v~l>Liil S^llJ^UI M'j-U (^kLI J-15CJI ul IJaj 

: ii^UI *jl5J (10-28) ikUl yi o>i o^UJl £>i J. ; Ur :j 
^ B • n da = 0. (10-32) 



: (^JsUiil uiImiJI • iji^iJIj <L. ; ,„,jgbjJil 5^5 U I 10-6 
Magnetic susceptibility and permeability. Hysteresis 

^ i ^L^-JsLiil aj^-JI j o}La*il_j J5LJ.I <Jj>- ^ . J ar ... ; 
JUI j^Ij M ^ /\ <. H j M L>-J >yJ 

SXuJ.1 iiiUU (10-33) yjUll ■ otf"il ijLi. ji* SjUlI cj\£ Ijl 

. Jwi ol/lll LjLi. il^il i_>t£)l Ij* J y.nTii,;.... 



M = x m H, 



(10-33) 



^-rr>* 4 :il „. : .l>mi LjjllJI oolS" bli . ^Li Sjj>-_5 "ij i^ju *i 

Ul . ^g.L.KUjJll Ai_y*-> (J I C5 J >; sjlll oift i 4.,.. Ja LLjuj i iL itjij.! 

sift J>=r.jj ' S~«J»Ui» Lb SjUI c>..».» ' iJL a. ,.„■■)» LUI AjjJUl c-iiS b' 

i)l^ 

l*m| « 1 (10-31) 

A_^JaLjwLljJI j <U - i, U Uj.* I_j L.J I J 'jrf-U 

. (10-1) JjjJ-l j oUajw AjijllJI J> I ^JLI iJbJ A^_wJ»Liil Aj^Ui 

iojI^JI flitc] (j A^oZiU i_-l5L)l ^ k- - (jl >ft aJJ ojLi^l j-i^- Ijf j 

' lij i a j-iL-a oj_j*<aj A«^«Js LjJ, I Aj^jLJI ^J) j^jjj ^ iJLjjiJI oLL-Jij 

/\ i ( * m mass Lh^jj) mass susceptibility aUiSCJI A^J»Liil aj^LJI 
. ( % m molar ^*>jj ) m olar susceptibility aLLj^JI a^J,LjJJ Acid's ^ 

rf, (10-35) 

Xm.molar ^ ' (10-36) 



c^-S3l J 5 " of l-fj • ^>!-l oj>JI A U^Gl iiLtsai Jic d yt ij 

ul ^ t (^lull f> J| jLut jisa^- h j M 

Ml sa^J ^Uil f> JI cuJ: x m;mole H j X m mass H 

. (10-1) J,a4.| j ijui al^ll ^ ijM i U^SOI ^UUll"i,^tiJI ^ Ul 



10-1 Jj-^ 1 



Material 




m 3 /kgm 


Aluminum 


2.3 


X 


10" 


-5 


0.82 X 10- 8 


Bismuth 


-1.66 X 


io- 


-5 


-1.70 X 10" 8 


Copper 


—0.98 X 


io- 


-5 


—0.11 X 10" 8 




—2.2 


X 


io- 


-5 


—0.62 X 10~ 8 


Gadolinium chloride (GdCl3) 


276.0 


X 


10" 


-s 


114.0 X lO" 8 


Gold 


—3.6 


X 


io- 


-5 


-0.19 X 10- 8 


Magnesium 


1.2 


X 


10" 


-5 


0.69 X 10" 8 


Mercury 


-3.2 


X 


10" 


-5 


-0.24 X 10" 8 


Silver 


-2.6 


X 


io- 


-5 


—0.25 X 10- 8 


Sodium 


-0.24 X 


10" 


-5 


-0.25 X 10- 8 


Titanium 


7.06 X 


10" 


-5 


1.57 X 10" 8 


Tungsten 


6.8 


X 


10" 


-5 


0.35 X 10" 8 


Carbon dioxide (1 atm) 


-0.99 X 


10" 


-8 


-0.53 X 10- 8 


Hydrogen (1 atm) 


-0.21 X 


io- 


-8 


-2.47 X 10- 8 


Nitrogen (1 atm) 


-0.50 X 


io- 


-8 


-0.43 X 10- 8 


Oxygen (1 atm) 


209.0 


X 


10" 


-8 


155.0 X 10 " 8 



H j B oy. ol J* JjJ H j M 0r^*S0l 0? ^^* JI 

: LojI 4 . iS^lc ^ 

B = mH, (10-37) 

: (10-33) j (10-26) ^Uil ^ n h^^Ji J_c ^ ^ 

M = Mo(l + X m ). (10 _ 38) 

# w = -~ = 1 + x m (10-39) 



^>JJ i_JI k^o^ui 6 | (10-I) j jJL j.| ^ . 



jwlj . 4.....>,J r> LjJ. I jljil ^» jji- I liLUf (J^-U 4„ _!■> Lju« J^fil I J I I _j 

e-i-l J.* Jj_Ll!l Ujo'Lj idUiSj JaJji i-jLji'l ^s. ^'jA4J jl>U 
Jj . _ ■ hi ^aj^i <_~-*JI IJuij i 4jaj- J 4.,,, U\jJu> J^friJI il^il • ^ w )-> I ■' «U 

. 'w-i /' j / uM3l j^C <^dUI (10-37) (10-33)" 

io^iJI oL>J SJjU^ (10-37) tf^UI f j^J ol (f^ll o* ^ u ^ f-J 

^yu-J <u£J, . H = MOD lS\ l ^-„.J,lUil SAJJ ijlj CUTIS' 

l^l* t, (10-37) il^Ln-JJ Ui j ^ jf U liU . ij^j. 

1 ^^i^aJ! ijl^^L. ^ jl^ (jJI pill ^ ^UlS" ^jl. ii-t; (H J_c jtx^L) 

^Jl oL,>LJI otj • iJLjLI B-H J* i^l HkJll 

lils . 4....H ■ U {jjutjj^i oil* 4 la,. Si* jfci. <L^£- JiP-lj LLcJ fr^^l ^ (J-^i' 

^pt^» ^J..c- Lli ^ri . t jo j-Ia~« o jy^Li j'a^W ^ja 4***-Jp Lii! oJuLl! OJUj 

■ Ja . '« a ' . ' JI (_y^«-^f (jC-jl; U j ( (10-6) j Oy-^ B-H ^yj»;,[L 4_Ji, 

. pill L»— l_j UJs (jhjj' U-^-ls ' 4—=r>"* W*-^ 0>So A* = B/ H ii^LJl 

(5^aiJ| 4*JiJI J-»aj jij . ^^stJll "i^Sjj" 4ji_jil)l ojji CjJ^-j 




200 400 600 800 1000 
H, amp/m 



. juojJJ y. :l l ci^iJIj 10-6 JJClJI 



— 1 

XAt / 



B = Mo (H + M) 

jj-l , , .Lii H 



10-2 JjjJ.1 

ijjjjl 0jljJ> i^-jJ j 4, r ->jiLx< Jj^iH t^'^ 

UiliLI = H c 



Material 


Composition, 


HoM„ 










% 


w/m 2 


amp/m. 


maximum 


Iron (annealed) 




2.16 


1. 


6 X 10* 


5,500 


Cobalt 




' 1.79 


7. 


X 10 5 




Nickel 




0.61 


5. 


5 X 10 5 




Alloys 








H, 










amp/m 




Iron-silicon 


96 Fe, 4 Si 


1.95 


24 




7,000 


Permalloy 


55 Fe, 45 Ni 


1.60 


24 




25,000 


Mumetal 


5 Cu, 2 Cr, 


0.65 


4 




100,000 




77 Ni, 16 Fe 










Permendur 


50 Co, 50 Fe 


2.40 


16 




5,000 


Mn-Zn ferritc 


Mn,Zna_ z ) 


0.34 


16 




2,500 




Fe 2 CU 










Ni-Zn ferritc 


NijZna-*) 


0.37 


30 




2,500 




Fe 2 4 














B T 












w/m 2 








Cobalt steel 


52 Fe, 36 Co, 7W, 


0.95 


18 


X 10 3 






3.5 Cr, 0.7 C 










Alnico V 


51 Fe, 8 Al, 14 Ni 


1.25 


44 


X 10 3 






24 Co, 3 Cu 











liU . o^Lcl j oj_j$"iil <Uj JaJb JJxUjT 4*....j ^ L«.» jjO 4,.,,.C- jj-lj iflli Jb»j 

J uaJI ^jwJLI <J B-H y^UJI u ! LiJ*-J e H ^J.Liil sjlUI 
y» 1/ r iki La* IjL- ^ Ul < yilil ,U% (10-6) JSCJI 

L... J-> L^.jjSaJI LLjJI oi* JxUx ul J^c • Cl 0—7) JSLlJI j ^»>» 

iJljt uj Ai-ii'j H •^•■•■•■U JUI aJ»J»W (■■h:i.-J ul ^ J 

M tkui iLuJI c--iS^ ^Ull oUE^l jLoj^l H o^l . ^Ul 
. (10-7) J5^J! J* J3 JiJI J Jjyi loo dli jl^j t y^ULI .L^l 
u*JI (jj^^il J^jLJI >_)4-l 5i!iUJI u' LjI _/I cS >>- 1 H i _-.,/■»:; I |jj 
y* US Uk* H sal) ^ ^JUI B-H t5 ^JI ul jut IV> • JSCUl j 

( _ 9 ~J>Liil (_jqJL*JI S^ftLkll ojj» . H uUoiiJ QS. s^UI ^flfcUl 

t "u* <_^-*j \Juji-\ i*L^ ,j« sj^Lw. ^....^Jl ooaj . hysteresis 




. sa\,U oii^l Sjjj (10-7) JSCUI j oUI 

JL^ H jl-u»._j . retentivity 4. j j . rl l <u— J»Liil r ikij -u* B <u«ij 

<uj u l (10-7) J5^JI (j» ^oiij ■ Sjl<il coercivity iJiLJ-l c ikii 
ul . JS^JI ^ gl ^Jlj jtUI e Jl j iJL OjSS (10-37) ibUU UJ, /i 

(10-8 J5CJI) A^^JsUjwjjiiJt ojlil i»-J= .U,7.hj^I oils^lH ejji JSLi 

I4JI O-i ^ jJI H 4-^£H t^jJaJI ifcjiJI Uajl -U^»J Jj t (_..-■»«.» 



lii j pU^I jj^i UK H max UU ^ .(10-9 

• ^ max <-iL^JI Sjjo Jili j jji: Cj^'i 









H, w/m 2 






1 .4 


„ — 

✓ 

— ^ 

/ 




Annealed 








tungsten 
steel . 








(6%W) 


— i 1 1 


t Commercial 
l" iron (annealed) 

1 I i I / 




-20 / 15 


-10 -5 i 


i 5 10 15/(X10 






— ' / 


I )* I1, w/m 2 / 






* ~ " 





.!''« as n$H ol iis-'i) ■ jl^s it^iJ ^jis^JI oLisi^ ^ iijliu 10-8 JSLlJI 
. (lS^II f lkJl olj*^ Mo = 4rtx 10~ 7 3 < H ^ Hx, 



B 




ji s* - a aUJJ Xi^UJi oljjjjl ^ L-j^l j—iLill wiUdl ijiJ 10-9 J5LUI 



JLAI J I iiU^lj H ^JaLiil JUil SXl j oji^ OjX>- XL* 

gUI ^-i.'^ll JUl" j jydl yt AB 0^ lili . ouUJI ^5Gl j^'^ 1 
ajxIj,iJI iji_jAJI cij^ IxX*^ s AH Iaj-w iL^J>Liil sxiJI j j£l 

: incremental 

AS 

W» = ah ' (10-40) 

e c 

JU J dUij J I H)\ Silil Jk^J ^IJI ^Uil 

ijA ^yl-JI (j-J^Lill c^>t^, X_t t <c5CJ_j . ( jLj 4_i j ji j_j v^- 

^iilx— ikiJI oJl* . J?;.; .v.U Jjj,^ JLtf J! yc^. <. ^jlil JUl 
■o J3 i v. jUI oU . (10-11) j (10-10) vxJ' j J-^JL 
. ^IJI ^-J^UU SjII B-H ii^LJI v. ^1 fJ l\ ^ c? -J=L»il ^UJI 




JU1I Ol^u ijj^JI J^j^ fc^S 10-7 
Boundary conditions on the field vectors 



ju^j L*j . 10-11 JS^JI j 

: ul S ^kJI J* (10-32; ibixil JidLI 
B 2 • n 2 AS + B! • nx AS = 0, 




IfJc Jj^aJ-l jSj: igJkaj Lfti J-eWI jJiJI Jit JUI ol#»«lJ. jjjJ-I -tjjvi 10-11 JSLlJI 

. ABCDA jUI H.dl j^L ^ c S ^kJI J* ^jlT u>li r lj*i*l 



(B 2 - Bj) • n a = 0, (10-tla) 
B 2B - B ln = 0. (10-41b) 



j oUI ABCDA (JSJLJI J.hr,„ll) jliil jUI (10-31) ibUI j 

(10-11) JSJ^JI 

J^j . I i^wSr Ijl*- BC j AD (^oJuiJI ^ JS'Jji o'j ' A 1 
: IJJ . (JL?**- ij"^-' jLy dIU* (j^j |JU ojLc JJaJL-il <J!jU- jlii jLjJI 

H 2 • Al + H x • (-A1) = |j, X Al|, (10-42a) 

#2< - # u = |j. X 1 |, (10-I2b) 
AiJJI J^kll sjb-^J JiLdl jUI) ^p.kJI jLJI SiHT Jii j. o\ il 

: j^l J5CUL, <_jSO ol aJ^UI »i* (jli < <>>UJl ^kJJ jl^ <"jUl 

n 2 X (H 2 - Hi) = j.. (l(M2c) 

■' * c 

^ LataJ J^^j Lei . 6^ j Oj^-j j^-ikUiil (jl (_,»_) 

JLLc (^JsLiil tiJ-l olsij y> iki Xj! JlLc Ja^ oUJ (jl <^-*r Xaj jk> 

tiJ-l k_jia£ U^il>>- (j* SJ»I* cAyiJI if> Xjj-jl ^ . ikiJI dUi 

S 2J S, uUkJIj • ( 10-12 J£JI Ji^) l*~ ol ujj <i? -J»Uil 

J.C J*a^ JlcUJI <bj-!ii J .;.. ti Ti j . jjJj-J^I (v*J-l (^iV 1 

[ divBtfo = 

^ r r 

= B • n da — / B ■ n' da 

= *(S 2 ) - *(5i). (10-43) 



0~J>\Jl, £*■ L*->l 10-12 JSJJI 



. <uli* Us ^Jaj- Ifl ... a.j l_iLkil 

1^1 "ill ( B UjJ. I C*J~\ JU- 1 4« ,,. ]n\ Jj • la iijLJI ^jGy^cW (jj 

divH = -divM, 

/" H • n da - [ U-n'da 
Js t Js 2 

= J Pm dv. (10-44) 
. u*JA\ 4j_^J| Ji-b jj^asil <J&J| 



: i-~J>Li- J>Ljl gfjl S-JL^JI jUJI jiljj 10-8 

Current circuits containing magnetic media 

3* (8-15 yLll) jsui j UUju^I ^1 ^ . £_I>J1 j V^x^n 



J5^JI Ji^) I >jm IjLJ t^iJIj oliUI (Okzdl <yLLLI ciJdl 

.(10-13 




jj>- ciL 10-13 J£iJI 



" » . " - / 

J* aLLII oi* j...; L.7 jllcj . (10-31) ibLil j JJUdl jua\ 6>»l» *■ 

JSli. j^js jil jLJ,! y>_j) oiJuJJ S^tiJI £. j^il (5^1^ jt»» 

: IJJ 4 jLil J>li5 ^*4- jljill 



I ' ' 



NI 

H t = Zf- (1(M5) 



: ^ (10-26) ibUI . JSCJI jUI J> 
-°' j— + MoA* <• (10-46) 

oUii JL^ ^1 jiJI ills- j <>jLc- y» \c <-il3r ^-wJaLill Jlifl 6 1 

TAT 



a- . Uj^p-j jijJo (jJI SvUp-^JI i-S^il <■ Jaii (H <Lsv7-JJ liUiSj) 

iJuai-l oljUJI : L_J,Liil S-lUJ jiUll ^ d)L» (10-27) ibUI 

Jjj ciiil oUJ j (3JJI jUJI ul c-i ul J4-JI (>«j • ikiiJll oililj 

^.Jj . jUJ iLU.1 oUJI ^ N uiUI . Jmj LLf Sll* 

J.* oUJI ^ ^jj JS" Jl^-U otil j-^r ^ *(^UI j^JsUiil JUI 
Si* J^. oLUI ^ ^-jj JS" ol juiOi iJjLLe « ( 10-14 jsdjl Ji^^) sjl^ 




J£J ^-JiUll JUI j^j ^ jwuj- JUil oU) jc. .^StJI JU^JU oj^l icjJJI 10-14 JSliJI 



Ji L"li iixLiJil ojlil yn_5 i^M-JsUiil oJLlU jUI jJUail i*JbL- 

SjUII o-JLi" Li, ff M = M.n _,PM=-divM : s , hall <i-»L_ ^ 

M H u e ^ t oL^^I ajjLju 5iU ^ (jiiJJ-l < — iJJLl J^-b 4.,. M ,.,,kL^jjUJI 

4 CjUJ !_3 jLJI Jij* L Ji .' « » 7 1 1 ^j£~Jj ■ H ol^l {_yj>^> O^-y" 

liAj . ^Ul oLs^L 6^ jJ>1I uVI 6lj 

4jtl» Ac. ^i>*t i-JiJJ-l iX-jJ I (j ^L^l lia At_j . Jaii M t 

pi- ^11 Ac- t I yWJ Pitf <Uji ij^J <j' I Ji^'j • °M »>*->> (J LtJLij , k'«ft7l l 

t ( (jiU-l uiiil jys i-liU iiLil ^» _j ) X juJJ illj ji M t ul t>* 

ikJjil oilil ol j» i^H • divM j ^LJ^ aM,/ar ji-l c>\ 3 

(10-46) aJjUII ulj 4 ilU-l si* j ^L-^JjLiil sjuJI ^-3^ j j>*l-*>"^ 

i-«J» Li- j L-aj Ja_j^ cii^J ^LUI ^ N u>5^l (yJJ-l jjjA^-' 
L-lVj ^iiJ #I>LI i^i J-L-j . ( 10-15 J5LLJI) d 4^ ^ki J* ^yj. 



Ajjjii (j£ lo?- Jlj-i *l^i>l Aji>ij 6 

j J5WI 4*~J> 

\jJkj . (ijjIJI jLil i>lu j^?- jlLc I4 i*JiJI liUix H 4j*zil ol SJU- 1 

. (10-27) ihUI J I ^1 




*J1>» Sy*i & 0}^. jJ^l^ii^U. 5jU & iii* Juat ^ ciL. 10-15 JSLiJl 



j p*Lj J » ., ' . « ,..dlj iJLii-l CjIjUJI ^ ^ ol c£>>-l 5^ L» Jas-^U 

j Sj^Jdl oHJI Si3 £. iLjt. eilll oii) c-Jli* Uj • ij^JjUill SjlUI t>_^5J 

0)1 iJLii-l oljLlJI ijtlil H A^JI j ifc»Lil uj* ' iibLJI 

: J^l iltf LlX*SI . 1 JiJI 
H lt = ~- (1(H7) 

yl t» iL^ iJUl J-J-j . vt/~* oil j! H 2 uL> <y> u'^l LJSCi-j 

. iJI^Ll s^^iJI (jJI <_JaiII J^^m = ±M tc £i 3 t 1^ ^L: 
oli iU^I i^Jll ,^^1 ^1 iXjL-_,^| ilLiL <uJI sjj^i 5JU-\ oi* 
J 6>5C; i^L^JI ol <y> iiOJ-lj . yojlydll t^^UI 



#21 = M, ( s>*aJI j ) 

H 2t = ( JJi 1j* U ) (1(M8) 

<# = j{H u + # 2 <) dZ = NI + M<d NI 

inJ ^- j* 9 ay>Ji}\ (jj£> UjLLcj . Jljft^l Ja- (J I I.X>- ojji^J (1 jj^j ^ la 

ff 2< = Jf, (l - fj ( s^l j ) 

(10-49) 

H 2t =-M t ± (5^1 j) 

ibldl j ^Ul J^yZ f « (10-49) j (10-47) t^ibUil ^.jb, 

: (10-26) 

B = mo(H + M), 

: 6> ^> 

*. = + MoM, (l - f) (10-50) 

. 4.,.,.., J> L^.1I 5j|,1J liUiSj iJl^AI e^tiJLJ £«aj "... ll oJlAj 



: Magnetic circuits 4.„, i ,,M^ll ^iljJI 10-9 

t i L» . iali* OljL~a LjIj ^j-^JjUill (^i^iJI Jj^Jsui- JSClJ 
U jU- ' la lt>> JJl* jl— • j i^r*- 4 CjIjLjJ ^1 (^JaLiil ^iuiJI 



Aikdl j Ijj-o* cs -J s Liil (>*iJI 6^" ULL c ^L~J>Li^ jSIjj (10-8) 
L-J»Liil s^JIjJI Jj^II JUil yii . ^OJ-I jjjU-l <-iUI oU Ji-lj 

. (10-16) JSClll j IlJ.\ Sl^ I ojjS IjU J-^j N Ujj* ^^ilb- jj>- 
^ff dZ = AT/. 




A' turns 



Path 



ij«J,Ui, S^b 10-16 JS^I 



(ji-iJI il^Jb jLJLI J»Uj ikii Jff JLLc H ^ juu ijl ^Mll y^j 

B = nH t * = 



*d7 



NI. 



jrjU- yiuill liAj . S^'IJI ooA J»UJI jjll t5 -~L>Ull 



*/^ = "/ ao-51) 



: iJ^^ 11 jl^l j U^t- v. 11 * li/jl (10-51) iJjUl 

ir = e. 

: ii^UI jij (mmf) 4.„,.,l»lull 
mmf = #7, (10-52) 
: *i^ai\ i_^>- «■ Reluctance lull i._jUil ci^j 



: (10-51) aJ^UI iLtf Lu5G: ^>JI ^j* f lj^l, 

. mmf 

* = - a" - (10-51a) 

« = E^=I>* ( 10 - 53a ) 

oUjUil ^4 Jj_jL_. Jl^dl s^jIjJ ij£JI i^JjLiil i.jUil IJy. j 

Ol f>Lvil ^yi t l^j I4JI Lijvll ,^11 a5"jwJ.I olLuaJI (^Juij jLjJI ^jIjJj 

: iS^Ldl u^-^jc (_5l>*j' ^l^r*^ jLJ o^JIj a.,_jLl. 



^ ^ g j "ill ( 1 0-53 iJjU.il ) 1^ ^ ii^JI .j* i_ik*"^ 



(Sy-^- (jjJI ^IjjJI (J (JI^j 4 k LjJ.1 S^jIjJI c^i* oL«ljj>tI«<l jtS"l (jl 

l.L..i».» Ijji ^a.^o'j OIJJL .iljil sJjt (J ^.Iw I i iU^JsUa^jjO J..C 

Ol < iL^JjLju.jjiiJI jI^JJ ^ = m(H) 6l 3JU.ll ^ . L>**JI 

. ^j-^JsLii! L^iJI jJ-j Sj^-^j ilLil J/ |iL« Sjtil j H 4*Jf (J ^ 

iij^Jaj ^Slf 4JLJ.I J^- uj < {_y3^r' Js*' 0^9 (illi v«j 

H =NI/lu,u\, 

JS' Liyj J* Jj^J-l ^Sa _ Utf . 3^.51 jJl) J5GI J^JaJI Jlc l total ol 

_ 'till* . Ja^ll ^1 <^»dl ^HJ i^iJI .Jl i JU\ j i>L 

** * 

SjCJI jL4J t jSCf L^ii! i*-^JI oi* — L^U- . (10-5 la) itaLil 

. j^LkJI oOA <bi>ai oU- jIju / s S^jIjJJ iAlik I j^oLdl j 4 U Lu.ll 

. iLilS" iiju cAjill 0^*^ o^_jU o!)Ij 

Sjijij ojlS" . flj AjjjiJI £. 1 < \s. <Ry > U L«1I i^jlill 4_ Vi" 

^» jS\ s < aJ 1 4jL» (_yX»-_j (Jj 4 ^« (_iJI jl 5y AjL» 4^*«J» Ljc» jjjil I ojlil 

(jj^J (ijJI jLJ.1 J^U- y (_/l;ill jJin-. (j\ L)Ju»-jJ t (Ri i.jliL. cillli 

4 UUiil 

« = (R A (Ri/((5U + (Rj)- 
j B 3 A iljil OjSC- Ljilc 4it lijbr^ (10-17) J5CUI J I 0^1 U>j lilj 

i <U^»J> Ui* JJi^JI AiLi I (J-^-l-i {Jit .a II ^ 1^* » ' ^^"t^* ^"** 5J£ ^ 

li OjSC; jj>Lil <-*UI (JjI^ tl>u >I>AI j ^yKJl jLil ol >* tdUi 

(j tjl" ■ ■ ■ 1 1 (jir .kU-iill tjlj ^SIjJI ^-Vj • I '■ 4-JLc- a^^JpLjU 3^_jLl« 

. LLI ^15^. (10-17) j (10-16) c^KJI 



lil U 10-16 JJ^JI J iULl i,„i,L^I s^jljjl S^IjJ) s j* 10-17 J£dl 

. SJU C j B j A jl^LI hi^a 



i—Jj^J ill j Jo- 
is ^jljJU 4j.., n . k i^jlill (ju <U— jjl ^£ JuZa^i <_J jv-lil (__,a»jiJI ■ 
I .A pI^jLI o^fei CJ_J^? . (— >j^m-JI jL*w» c1a-*3 
4-Hr*] t^&J }Ui U>5Cj (jkuiJI J (_j yU ' j j^-l < aJLJL I Jy» £» *j jWU 

jL-I L. ^J> Lj»1I <U_j\ill 0-— •>• Jilj . ^oj oLLj>- Joarf- (jl Lijjl lil 

piJI oiAj t 4.„^J>mi ^5ljjJJ LuLJI -Xlil Jl^^l qa JbJjJJ O^wlJI 

^j|_jjjl j»^L» (j t_-UjilJI oj ■ «Lill £>-l (>• (3 al^" » 4jj-^I 

: uV tiUij < iJL^SCJI >ljJI iJU j <ULc y. 1/ jtft J-S'UL, y iL~J,tull 
jLi i^^Liil i-._)Uil J I s^jIjJJ i^^JsUiil iijUil oy i-— Jl _ Mjl 

** *** * 



Electromagnetic Devices by Herbert C. Rotors (John Wiley and 
Sons, Inc., New York, 1941) Chapters IV and V, and Magnetic Circuits and 
Transformers, by the M.I.T. Staff (John Wiley and Sons, Inc., New York, 1943). 



: JLsb Jul*. J* iSyJ- <.„,J»UU jj'IjjJI 10-10 
Magnetic circuits containing permanent magnets 



4 la .'««,!, I ojlil ^y Lub (jA. fl.ll j.)»a» l^»t (jjJI yljjJI gy*J ' <^^^ 

jbali-J 4jllc U_J^— I P — M ^Jl ( J,»«,.V...J (jl jf^l 4jI jL5e^*_j . (_jCli (J^-^J 

ij B-H SiliLJI l^io^iij ^Jl oIjlJujJI (_..„....i.ij . ULj>- I (^l- 5 (_r^*^** 4\Jl£J 

^ff <tt = 0, 



J 1 

'* H dl = - 

' 11 (P-M) 



! b Hdl=-C Hdl. (10-54) 

Jo •''(P-M) 



a j b (> 7, la a.;, II <jo 3j_^^-. P-M Jl oiU ol u^/jij 4jL^ JLU- 

^ LJU- b (J I a 4jaSj >'.'»,[ I (^a,,, a ! I jL*a o^-i Cf^~ (J 1 * ' U^i" ^ • ^ 

B = nH J * = BA 

: _> J^i (10-54) ibUI ^ {5jwJI i^l j 

* f A = - I di. (10-55a) 

•/o MA ^»(P-M) 

: IJJ c i^kUil SjJUl J^U SU^. u>5C t^Liil ^^Jl ^ 

* = B m A m , 

i^L- A m j « J\j}\ y^jiUil <>b t^ 1 ^ 1 J 1 ^ 1 B m ^ M 
:(10-55) S-bUll tr i*Jl i-iL^" Lu5^j . «J ^i^JI j-kiil 

j ( _ r Jt 3 Liil J*. I j L-^JsLiil sjJJI Ja^yj, Jlc H m (jl ' —H m l m 

5 m A m m a6 = ~HJ m (10-55b) 



r.. 



£. LjT I4U £s , H m j B m cfiJ^I ts^JI cw J-J-H oi *-5 

ul » Jll djjy ul ^ tyj • ( 10-18 J£JI Ji^) j-jLL. x>^j c 

: V^ 1 ^-kUjJit 

<R«6 = -\- + -V ' < 1(H56 ) 




. 4~J>J1 J* *I>U 5>*ij ^Lkll J \ g j i oLUJI Ol> jJI il 
»}1jJI (-r*;^ (jS^'i! t jtS'l *'>A' »>^i oJlS" 

: J^l J I (10-56) 



HnA n 



: ^ (10-55b) ^ iJ 3 UI 

B m = - rr 1 f*oH m , (10-57) 



^! • *Jji^" ijL-ii £+2c+*a\ ijSsjtj . (_j-«j»ijjtftij (j^jji *y>*\ 

Ljlw A g ol ? s^stiiJ A g SJUjJI is-LJJ U|,a1«I jJI 

l_o^ilJI IJlAj . A^jjJU ojyAi ^jl-kil JjJlsJL) ^-~_L> LjJJ l_.lniiJI Aj?-J i^- L_i 

j l^^A^lt (^eljJI j^-JsLiil j i-** 1 ^! U> (ji-uJI 

. (_>U5CJI lift j i^sj^xil JjLil j^Sf j 

« JUL o& (10-19) JSCUI ^ i^dl H m iLJi ul ' W'j 

^ IajU ^ »....,)•> L»l I a II <_L>I U^vj L«JuJ>3 ' <uL '^ e ^- , 




cjlS" lij . (y-iUil J* J-u m >^Jl) . j.,,,,, hUi. 5jJU kU. a .-JI SJIjl Jut 10-19 JSLUI 
(5 1 < — (lmA a /l t A m ) (ijLj Jaii»JI iJljl Ja^ J** Oli < H m ^ }jb C^-j Jit jj H m 

. b j# bj* (ijLj <Jl 



: jL.-.J?Lju> i\^t C.»Ja~W iojjJ-l f^}\ JjL* 10-11 

Bonndary-value problems involving magnetic materials 

L.JL1C- tiUi £>j . i^-^JaLill JjLil Qj> iljjw pl^j'i! <J>U- (_^£- J^a^- 

* p * 

tdJi ^ *VLi *r^J "r-JLI i— jLf t_^4 i Ij>a* IjL* (jijiJI ^Jj ^ 

. Jslu jLJ _ LU-bj ^1 i^Liil sjUI <>b ;L~J,LUI c^UI 

J I (10-30) j (10-28) c^L^I ^djLil jU^I ^^1 = UjlLc 

divB = 0, (10-28) 
curlH == 0. (10-58) 

JU IjIj^I H j* ^ *il J* L-J» JjJ (10-58) ibUil 

^ i H 4jtzll j i^J^Liil Sjlil i»*L^. ut 4 ( 10-27 ii^Lll) jj^ail 
ijl jiLIl) J^l ol 8-8 jllJI J Lst-^jl L; I <. o -V. Lie 
oljUJI ^ f( ^iUI (H JUI <_LiJ ^ 6l dJL» j^iil 
SJjLJJ LlJ» . I ja+o X^oyiS jLdl AillS" Lj^lc Lsliiil j^SCc iliiiil 

: j^l LL< L^ (10-58) 

H = -Vt7* (10-59) 

. j^LjII ^* n^iUI 4j»x*^JI j^uJsLill o«4-l J I U* ^1 jji Laij 
JLil uL> jLai»-l iJlSC*^ j^tf- (jjl ^L^-J>L«II s^lil ^ oL_jj dlLa 

ojlll — Jj^l £_jJI : JjjJ-l _ ^iJI iiaj-o ilL~. (J I (^JjLill 

tyJI _j . B = MH 43^LJL Ot^alj Jpl "Lj^u A-iai-l " jl iJail i^^JsLiil 

US' j j . divM =0 ii^LU ^Jl f lksL ik^uil s^UI iJai _ jLJI 

: j\l J I (10-28) Ai^JI J ^3i 



divH = 0. 



(10-60) 



: J* (10-59) ttiUI ^ iy^JI 6 i» ^.juj 

V 2 U* = 0, (10-61) 

ii^UI ^ B Jf J^rfJ-l f t iJL SjLl <^«J»Liil uji-l 

B = /iH 
B = Mo (H + M), 

. JLi! 

la* i i>-jji^il iij^^yi ^lw»^J oL»jj^-—j ul"-""- : - k 

. J^aiJI AjL^ ij sLkn.il JjLJ.1 *~Jlj o* ( — '^*£j* ^frj 0* 

a Itt ^ Ui i_ j aJo?- *,. „„.. kLi- SjL iy s ^Sy ( jL«J J aJL- {7^*4 JL1I 

JsLi- JL* J-e- L.L.I (Sy^- *L«JI * 5 k r « jj i&yjay Ljiji^iJj 
s ^Jl ^>i^J Aj^jij ^«J»Liil JLAI jiiij >— «^ <-* j*j • i*-***-"* 

Jl?- (J I <Cj 4JLJ1.I oJl*j . L$««ij ^Slll J^-l^ (_g-~J=> LLiil (Jlsil crouj 4 4— » 

j Ljl£ L*i ^Jl ilLil ^ j 4 jJiLLi JL.^ JLf j iJjL s jS" j^jj ilL- 
4 SjSCJI _>S> jl^ oLSlL-'tfl i-^kd Jw^l ikij jL^-L, . (4-9) jlUI 
o! L£* 4 (z .Utl) yjJ-sJJ J* fcju. B »UI J**, 

:COS oLiil^J JjjJ-l 

t/*(r, 6) = Ai.r cos t? + Cir -2 cos (10-62) 
: j 4 - aj &\ jyU. (1) j.| iiLJ[ i_JU 

tfs!(r, 9) = A 2 r cos + C 2 r~ 2 cos 9 (10-63) 

c 2 3 Ci j A 2 j Aj col^l . (2) i^luil 5jW SitdL i~Jl 

: A-Lkzil J_c ^g-^JsLiil JUl JiiUi ojSGl ^ Sj-*JI oliLil jlu 

B = Bolt, 

J 

t/* — > —(B /t*o) r cos 0. 



IJJ 

A t = -(5 / Mo ). 

-LLC J» J*£ (jl OJr C 2 J* 1*1 1 uj» ' ilaij 

: r = a _llc J^lill ^LJI L»t*J <>-y ( r = j r = oo t>_a«JI 

Hie - H21, 

B\r — B 2 r, s- 

/ 

- ( ^2 1 sin 8 + sin = A 2 sin 9, ( 10-64) 



B cos + 2/xo cos = — nA 2 cos 0. (10-65) 



A 2 = 



Ci = [(M/Mo) - 1] 



3g 
G» + 2mo) ' 

Boo 3 5 



0* + 2mo) 



J £ c^u^l ^1*11 L^-j^-j 5 jCJI ,>b ^J=L*1I JUI IJ^-j 



1 + 2(mo/m) 



^•UaXjU ikli^ jS" ,^c f^UI (^JsLill Jliil cl?^*J JLl ejjt j LUj. 



oLjIj^^I j»Lkj (J^al 4jajij (jl ^Jo jJljj ' Z ^jlj^-^l ol^Lj U U Jci-Uj 

n=0 

: , t S^SCJI (1) plyJI iikd wJU 

n=0 

LL*I A3 U*_j . (2) (yljJI a ^ Li.il ' ioiaJ. 

jui o>SC; U^* 0^ (10-68) sjjU.il di_jSa^ j r J i^^il 
«iUij (10-69) <LUI J r J iJUl ^ 1^ . Sj^iOl oUUI 

s= ft 

: r = a 



B lr = £ 2 r, 

£ (C 1 ,„a- (n+1) - A 2 , n a n )o- 1 -| -P n (6) = (10-70) 

n=0 

MoCj.oa- 2 + mo J2 Pn (B) [C,,„ (n + l)<r (n+2) + ^na"" 1 ] 

-li M cos 0=0. (10-71) 

ji P n J* JT ot (10-71) « (10-70) oU^Uil 

: n= ijjJ-\ (ys . dPn/de 

d_Po = 

dd ' j 
n C u0 a~ 2 = 0. 



Ci.io" 8 - A 2>1 = j 

2Ci,ia~ 3 + A 2>1 - M = 0, 

: J.X- LoT t^JjUil <>"l» J^. _j 

d,, = §Ma 3 

■ A 2,n =0 -5 C ln =0 ^ 

J* J^i t (10-69) (10-68) ^abUI j gSUJl 

U!(r, 0) = iM(a 3 A 2 ) cos 6 (10-72). 

J 

{75 (r, 9) = Jilfr cos 9. 

3 (10-73), 

Jjj- 1 H 4-_^JsLiil o_lLH <_jL~s- t j5vj:_j 

Hi = Pf (a 3 /V 3 )[2a r cos 6 + a fl sin 9], (10-74) 

H 2 = -JJfk. (10-75) 



(jTjU-l JUI U>5C li^ 

.lib o/j ^Jl otk^l 

: J,U1 



= (l/4ir)(4ir/3) 



T-V 



d> j*2 4 rc/ 3 5— «5Ul j . <ijj50l ^xl] JSLUI J* jui*j (10-75) iLUil j 
as t5 2L-jl> Jl£i»\l .k:..»vll SJIjl J-I>cj . s ^L-^-LLuil illj! J*Lo 

*^L*LJI oljslJI ^ XJjA\ J JjW j CUJ jj 

ibUll j Mo ojvi. J^>U- cijLj B[ (^-jlil <s ~J>Ld.\ JUl ol 

: (ijl^J s^SOl ^(/(^JpUII iiJ.1 U . (10-74) 

B 2 = §/i»oAfk = §MoM. (10-76) 



E. C. Stoner, Philosophical Magazine 36, p. 803 (1945), 
and R. M. Bozorth and D. M. Chapin, Journal of Applied Physics 13, p. 320 
(1942). 



<J> jlo ^laJl (5^1 Jl jl^^l ^J-l j£i <d JIj 10-1 
ojji p h 7 ; » .,1a. «c olj 4JLi<LJI U r i .r II cjIjLJ £jj>> -J^r 10—2 

li* ^ a> j^-Ij ^^uii .ij-i u^sc (10-76) y^ui . m 

J-*^ ( -*^-* j^-t^J oLjL«il oJjb Jl^^l SsSLs. J* . £>JI 

? *UiiJI j 4jJ^ 4at»;« Jj-lj (^-JaLi- JL* JlJjj 

: ii^LJI i-^rji !^s- (_g .-;.J-» LjJLI es ( I ) 10-3 

JV M dv. 

f^Mdv = rpM dv +ji ran da, 

^1 i^Lil ilUl jjrlj : ii«OL.) . V ^L, c$JI ^kJI Jl£ S yl ij 

J^li, <J (_jClj ( _ r ^JaLi* : ( t_J ) . («_>l ^1 J^iiJI ij <—>\ Ui~,.i)l\ 4jeX* (j^-alj 
|»_)jJI (>* . ^^Jaill oL^L M q {kll* Lklii lilLc R o^Li oL^ij (ijj^ 

J ij^JUll itaUJJ y*ijJaJI ^ L.tev7-~. ^^JjLiJJ t _ 9 - r J5Liil 

^^^lc JS'j . M(x,y, z) i)l jJL jjji Jajja ji Lr J>lju. (l) 10-4 
cr JsLiil j^jj lili . M dv (^uJsLl. i_Jai jLiS* 4j±.L« ,jSCx dv 

j I^L-I JSli, 4J ^^JsLi* ( o) . ( 10-3 JJUL <J jA\ ) .uj^ 
jj^- j\y M ^ 1? 7 ; » U ■ -r ji 4 A ■»- U; - <L»-L~«j L -d^Ja cS^Ij 

. ^lir yjjb y-J-uii 

dlLcj i 2b _j 2a _j 2a L» jji jjL# ji ^iai ^* 10-5 

jj>- t M q ojjisi ; « « 7 1 1 (jl o»«lc lili . 2b j^stJJ jl^. oL^-L; I la 7;,,. LLui 

i R 2 (yrj^-l I* ^9 i-a-xajj R l 1 jJI I* (_i«flj 4jj ^5" 3 jjli 1 0-6 

^JLf s^^iJI J^Ij J».:;«:ll ol^ lili • z ^Ij^^I UL Jizi. oli 

Mo = Jl/ok. • 



. o __ r __lll <J-»-b Z ^Ij^-^l J.C J^Uj U * JL^J-I Jls- 

o Jai L-L&jj L ^rU (i_yb ,jl_J»_.l JSll <tj ^ b ^^JaLi-r. 10-7 

_U_j_J (o) j t tr A> Li.il J^-b JiljJI Jjlii jllc U*(z) 

J^-b JjliJI j>£ ,L>U_ JLLt B 2 (^s-JsUiil _J-I :>t£^ (l) i^Jj 

: iJlaU Uij iui^JI ^1 bli . oLJIj^^J 
M = (ax 2 + 6)i, 

. o\iij[j uL—o^ b j a _>l IfLc c J? :» »:JI oljLJj i_Jai.ll jjiliS' 
o»Ju LJlp t_AJ 4 15 cm U,^ J_^_^ !_J__JI jujj-l ^ iiU- 10-9 

L.J-_6 4_J_U J»-b ^g-wJsLiil . 4jJ AjL. <(___ _JLp <_£^ lijjJ-'" 

. olj^l 1.0 (_►) t 0.2 (o) < 0.1 (I) 0J ji jL- Juil j ci^ 

l4-.lt < iJ t J_>-lj <_C«_» ^JaS L^i ^jUail JyjJ-l ^ ills- 10-10 

4iU-l J^Ja J__,^Lo . (10-15) JSC-JI _j jw 3* 1^ ( ~aJ L * 

jJ-l 

jj-t . (jCSL cijL_J uiiil CjLcJ -JJ-tj t 3000 /^o (5jLJ l^IjjjAjj t 4*->j* 

J*- 1 J j^JaLiil tiJ-l (_*__>- 1 ( I) . oljj^l ojji IjLj J-_4 t_ai.it (j t 

. 4jjj-_LI iilJ. I Jj-b H j B j»- ( 1— ' ) _j ' tl^Al o>^=-^ 

. tuU\ ilUl j UJI jLHI jLUI SjSU v IJJI v-^l 10 - n 

J* . (10-20) JS^JI j iLjJLl ilai 

JS" jkixi i>-l__«_5 4 ljL_J_L_ olji_J__* Ojil*. jj^j 5^51 Jill ^UjjI 

cj^^jJI J^L . 5000/^0(33^ l^i^ijj 1 o ljr?« iL* tij^j c>L- 
O^^l tiUI J^U- dJJS'j t J_^_,n!I jui J^U uj-J.Liil c^iJI 
. s_Jlj_J 



^(10-20) J5Li 



J_c iSfJ- (10-18) JSCltl j iu-ll iLjkl a »i i^-JsLi-i 10-13 
_^_lc <J_^J» pjLia* i ol^ •t-*—-" 4_jtc <t_J^l> t _ J ^-J» 1 ■■'.« ■» 

o^*-9 ^^'^ * i^-L^j t -Lxj d>\j^JiL^ (3jL*J (j-J^ Lillj JjjJ-l ^ 

(ijL-j JjOaJlJ 4^--^JI AjiyiJI . olj^JLU- ilUiJI nl^il 

. Ltt (35% Co steel) s^L ^ < 3 T (sintered oxide) ioL (V . 

& J53 plizi. Jxiif oli s> J^b t^Luil eJ-l 10-14 

. (10-10) JS^JI j c-il 

^ i;_jSl. (10-18) J£LlJI j i^-il i—^JaLi^ s^b 10-15 

jojj-l jL~«j i o o jJiz- <djl> (Alinco 5) « ^ ^^^JaL^ 

1^ . 1^ j^jSJ^m Lj^«— j c 1^ a... ^v-lc- 4j^L ^jUall 

(3JJI t^-i^ jlcLu oL^Aj) iiJ _ iSlili 0}£-* *-»L« (J~^ ° ^jIjJI <Sy^- 

(J^ftl ) . (j ^^g-^Ja LaI I (jrO . a 1 1 S3 LIS' Jjr- . ( (_g k Loill 

jJaiU \?-\~j> (j\ tjo t ^jliall JoJj>JJ K m = 5000 .U-j t i_j 

. ( AjjLjL* £jliail JjjJ-lj ^oJsUiil 

^b Ja^J tfi ^ jl^k-l ^J- JaO-JI iJljJ J-U i^l 10-16* 

. 4j 1 ^Ja^. ^1 j^ji ^s. <S * y»£- ,t» « » T 1 1 I I !<Lfc ' p la " ■' ■» J 
JL< j ^5 _j /i 4_oijii_j a jja3 t (Ji>^ Li'^**"^ 10—17 

i_.„,i.-»- 1 . JLil (Jij^x- Ajl^jia^^l j^* (j^ ti**^ B Q h ~ . ' o JsLjw 

li^J-l J»_jiaj- L'-...» 1. o,^ UaiajS • ijljia^^l ^-4- 1 J^-lj (_g— JsUiil 

JpjjvI (jl UU> L» jjju (_^5Cc oJl* . cos i^iJaJ.1 oLiilyJl 

. COS oLiilyJI aJ^^j Jmsk^ ijjJ~\ 
jlas lJuojj 4 3 jj.^-ljjl U jlai c^aj iL^J= ijl^ia-! Sj^s 10-18* 

Lil 

s _^iJI t>b ^1 >JI iikL. j Bj (3-J.Luil ciJ-l ot c-jl (I) . B ,j4ii- 
^L*^ h m j^j^JsLiil i_-c><J-l J-»Lt 0^ (cj) . B JUt«il Ljl_^ u_j£j 

: ii^UL 



s Bo =1+ (K„- 1) 



MICROSCOPIC THEORY OF THE 
MAGNETIC PROPERTIES OF MATTER 



j^JI "Ui^JI (J I j]a 1 ,'.,••> j i ( oLLj^>- ji oljj As.y>sx*£ (_$\) j-lii ^-G^J 

liUiS'j (i^lil Ja-_jJJ J a .:i...:.H i^LUJ ^i^*" J' <->>- 

Jo jkW (y> .bol ^. la II) ^ Ajy^^' (J-~*J • ' ^ ^ B-H ii^lc 

LuJ jJI j^l jr,::,., dUi ^ SUij < cs-J'LjJiI d^LD iilzil 

^ iJu^JI i)U-l fLjii j £^»>ll 

^jill H j B JLil ( _ s ^*-^ £• ^JoyAi i^-y-II icL^JI j LL>Uj jul! 

: itaLlL ^ 1 1? , "^j 

B = + M). 



f See, e.g., C. Kittel, Introduction to Solid State Physics (John Wiley & Sons, 
Inc., New York, 2nd ed., 1956), Chapters 9 and 15. Also, J. E. Goldman, The 
Science of Engineering Materials (John Wiley & Sons, Inc., New York, 1957). 



L/° J** J £° V ^ k LC«-» C-jLkil CjLjUj ^ C$1 ) t - J ^?j- :: T f*^' 

jl pl>DI j aL^LI (^-ULill JLAI JjLu_^j < ^-l>JI j (oULii! 

: ^ liAj . ^UjjJa .'11 4JLj_)J-i « JJb <^J-u Uju-C- ioJjJ"' 

B m = /xoH m . 

>^!l j^L; ^ j 4 "C$^ " m oM 1 > J 1 ^ ^* 

. ( H m J ) B m >J! JL= aL>U 

1 1 m Jaj^ j-^j 5'jUI Jj-b c$^fr4' JLjA' i-liL. -ccc ci_jJUI ^ 

^H m jH^^oV.B JUI aH-u B^'^.H ^1 JUL 
(j-ej • c_Jiill (jLjj jLjJI ol«.jj_jJ Jy a_^>Lj o^H5Cj aJ^ju aLL-j lulls' 
B m ^1 H m cjL-^ L»i JJi ci^U^-l Ll^-. JU- AjI 

. jUQ A. n „ w ._.'Jl (J-«l«-> i c 4^ajo 



Molecular fieid inside matter Salll J^-b ^J^J-I JWI 11-1 

B m = ixoH. m . 

. «local field» g^il JUA! ^1 a^JjJI l-^SCJ! ^iuu j aJLc t ^LL osj 

^ LlCjj 4 SjLII J ( <_$ji jl) yJo>r jiy -CCc (^JjLill JUU yt li* 

Sj^-^l L^5CJI 0^ ' t^JI (^-J.Lill cJ-l JU ajjU. B m o£z 
oLl (5-1) jlUI j A^^i! ciUJ iL'Lf ^j^LI JU4.I ^j. ^ 3 

'if f 

M jjS {k^.* \L:..is tilLc ^4-1 li* J\ ~^>^ (> >i Ol 



s= „ as 

(_^Li $\ ^il 4j. 1a . J lj .,1a. £ ^i^- CX^ J^ 1 ' (0-*4"l (j" ~ a J^° **Ja* ^J* " ■ I 

^ <_Uj>_j t iUaL. iLJuuS' 4~L_JJ Solil ^Jl*l> jf . Ujl^ (^;>M <JUi \ 

iLj^p- l— ij^ejJI (J^lj 4« l»a 7,1, 1,1 o^UI -Ljij ^" tyj • 4___j>JI ^ k : 1 1 4^>- j 

(_jL«j>- tis^J>- t L_4j^3ejJI ^S" JC-C jju (jjl iljj^il I JLC- U i iLj^ Jju 

iLUJJ Uij t iLjJI j 4....,,...kLUI sjlLII jl H ^y^JI JUI jUJ ^^Ic 

.J^lfT (10-27) 

JUI jUJ LuSCcj . J,pm, <t m . : j^Uail JiK Jp- J*l5cJI jix i_<~>- 
iLJU>l oLl^J liULft ilU.1 oift J 4il IjlcL 4 4l5Ur ZLjLi H m ^^l 

4jL Jis-^ . (_ij^>tlJI j oJjjLlI! i_Jai!l oLjLj l_aj_j.se_dl — U ... Qf. 

: oSl « LL^i; Uuyyl\ ^ J^Pm(t - r')/|r - r'l^loiil ^ 
pAf =— divM = 

: (jli l-y_9 ' ,1? ' « n "II 4 o la 7 .' .» 4J_oS- (j 

H m = H + H, + H', (n-i) 
^Ul fl^^l Ji* H s j i jri>«-JI j 4- r , .,..ll ij^JaLiil SjuUI Jlx H licj*- 

. i_«j^>tlJI J^-1.5 4jiJj_sU i_Jai!l oLjLj ^ £oUI 

: ij^l i^JL H s t (5-1) juJI j ^JiLif jUi^l ^ 



H 3 = §M. (11-2) 



J^K u>£» c_.Jaa.ll JUj flfr-l uli ' (J I i»U>%> 



3(nii * Tt)ri irij 



j-5 j-3 



(11-3) 



Olj • £ ja J I i i^-j/lH C$i t^Jaill j Uj ^ iiLdl I" j 

L_ioJI Jl^J >Lil ifclr o£2 (11-3) ibULI J 

j-u5" i_ji^u L-t»l \j j^>~ lili t IJyj . (5-1) jllJI j ^^>ll E jL^SCll 

(11-1) iliUll oU < (11-3) JJjUII I4J ^i^L; yL jU< ^1 jI^N ^ 

H m = H + §M, (H-4) 

B m = M oH OT . (11-5) 
iL^Liil saiJI aJ^jo ^34. » JUI (11-5) j (11-4) ol^Uil Jlf 



. AjUJJ 1^ 4.. k Ljl^ jj^lll ^i_^JiJ <j>^? L^" li 4 ^-***J ' Ji*^ 5 



Origin of dimagnetism «.,.J»U, LI J I tii. 11-2 

J* «Len/s law» >! uyli s - sy»U» UJI 

li* joU lIj,^ JjU 1^1 iaj^JaJ oji 

ijjj_/53^l iS^J-l ^ >(_g-iJI l» jjot ij^-i Ciljj <*>U <L~~J»L<L. LIaII 

J5w> jlAC SjjjJI ol_^JI (Jy- jjJj (jjjiSlll J5" ul tjofji^* . \^,Ju ojJJI (j 

i* oi i>. jU^Ji J* *jC y^Ji duisui u . ^jjii ^j,Uiii jui 

(J^f li (ijj OJJ^J^ jSiiijjjL ibl»..« J-s- (y^-^J SijO ilLil JJ- . iiJb 

A^— ill <_yk J >J '-'^ 4 ^ -II AjJuiilll LoIjLj*- ' li* J-«J . (^JsLjL* 

. "diamagnetic susceptibility" a^J^L^UJI JxLi^JI LLUJ i^j^idl 

j S^llw. aJU J ujj^^l oli ' <j~J>L*JI ttJ-l JU JauLj J^i 

: ojl 

F 9 = m e wlR, (11-6) 



JU JaJLJ JL-i . Ojj&M ^ Ji£ m e J ^ S? <#-^ J1 ^JJ^ 1 
<>>)j . -ev X B m Uj-u ojj&^l <> »y> V l ^J •>» ^ y^ 1 -^ 

: <j\ jj- i <l-AJ jl-*-^ cs 2 ^ ojj^^l ol 

: t (11-6) ibLil ibLil ei» j^j 
±ctoB m = m e (w — « )(w + too)- (H-7) 

UU < IJyj . ojj&^J (3jl>ll -">)l J!*> Ato = co — u i^»SCJI 6 1 c-e- 

Uijj (^JUt Ids' j » (F q cJl k~JL vX B m oUI^Iju^cil) 
jUi* L£I j (ijljJll ^-JsUiil j»>JI j jyJI : ol >J 0>>liJ 

\«J* J>~JI o*-i yrdlj Ul ^ oVUJJj 
ibUI 6^ « "o, Jl W * w 0^0Pwebeis/ m 2) 

: fc*-J\ Jl Uti>- c£*i ( 11 - 7 ) 

. "larmor frequency" 

oJl* LiJaiJU-l ^ jl-Ul j ojj^l^l *li L*>j*»l 6^1 (Jl 

ujjaCM #UJj • (H-8) ibUI Jliii'i (i>UI ojl^" <JI *iU>^ i^>JI 
ul oy\*l Ij-J> M"-^"' j ^ft*^' oj* ' oj\j* j 

- . ,~ ■ (^J-Liil JUI jot ju*, . (11-8) iJaUl ^ klk- oj^ 
Olj • wR 2 &B m . li-Jlj jUI J^U <>^l j c*JJL* 

jjcc- Jj^c An C^>~ <■ An l&jji (jjj^-" °' JJ-^ o^Sw L^uiil li* 

: ii^UL 



TW 



|m e 72 2 (<o 2 - col) = e7rR 2 ^AB m . Ql-10) 
= (to + wo)/4tt. 



Ad) = /?„ 
2m, m 



yiiU; Jl j>£^ jUI w> oi» • (11-8) ikUl ^ ii 

. SjiJI (11-9) ihUI 6u 

f^P J Ijyu (11-8) 4_bU.il (jA ji>lll AjJ^I 4_PjwJI j jyJl Vt-*^ 



Am = - « B „ 

2ir 2m e 



4m 



2 

« 2 MoH m . -(11-H) 



- 4m e H ™2-. R i> (11-12) 

U,li oli l-V.j II ^ U> II m J jJ- bli ^iLi^Uji 

XI (H-13a) 



4 m, 



jUI j^-JI o\ jUI o^L. ji^j . H m JUI <, J>fc6 
^1 1^ J^j, H m l^j* oli t JUI ^ <?, h 3 \j 



. cosfl,- ejjS J^U.c o£s JU_JJ j I3.ll Am iSy. ' t^i 

m = ~ ~4^r 2] «? cos (ii-i3b; 
q^Jj ' salll j 4— J^Lu^LIjJI jjk" (j| tj^jjill 

oli oljjj! j! oljj ^ LIS" ijj^jL. jIj-o J o>£> i«-J>Li^U jjl 

. -S I3JLI oi* Jji-a ,J L«jjjIj 



Origin of paramagnetism *■ „ Ijljl tl^ 11-3 
C_)jJI il^-b *L_)j>- j! oji j uj>£ll <_S^ SjjIjJJ i5^J-l t-i^j 

. e jdL-o (8-22) 4jj5L«.ll i_jL^>_jjl I Jun J^JJL^^I ^jSCtj 4 ^j-^JaLill 

L>JLc (_jllaj i~^>U- lilLc OJJ^J^I u' < -^J^ J "l' (j^ ' (J I iiUtf^b 

jjl 4^JJ Uil^ Lj'li L-J»Uu. L> dlb; t "Spin" f7 J! i^U ^1 

o'ujjiSCJ^I ^ iiiUI i^^Jlj ajjIjII fj>U y*^^' Jh; (i-^'j m i 
oJla J-^« ^j- ^~*~ ) iLj^l jUI oj^ 1 jl.,fo'.'>- . 4-Lj_^4- 1 ^ 4jLLU 1 
iJLLJLI jL^-Cll jLJI J ilULl ^ '/ c ^jjll JUI ^ ^I^J i^L>' 
.JUI ^ Jl Jj ^1 (8-19) ibUI j 

</• y. rJ^J f> J 5 ^ 0>^o "quantized" JJCJ ^LL oli o£z 

Ifs^l <. dJj Ji «U^L . JUI oU^ oIaU^I il^U. 

^j*-^ tdlli JlU- < i-jjjiSCl'il ol^Jill H 3_L».I_3 olijj^SO^I (Jl$" 

liJk^ '. ..yJaj'tj . I j>.^> l5j'—j m j J*^-_j iLwil oUU^I iilS" J|^»J1^I 



i\y Li-J, Uyl Jjj nij <J I (S*y <jP' ~ a j^ J^-l- 3 a-Jj_/£3HI 

oi* . (3jljJI ^J^l £• iJa»- is%j >1=^j^ m i <^J AlJLilj ' 

III j i_JaiJI j Lj <_jL*»I J*ju H i^y* ^^JaLill j»J,jJ 1 (jl* ' J^Jj^JI 

J-jj JUI Jp- "precess" Uil^t Jl <3j^» a-XIj t SjdL. JUI £• 

l^^uu £• (oLaJ ills- J J5UI jl jUJI j oljJJI uj&j ■ U» <Sj\y 
<^\> ■ <ij' v 3 * V-^^ aJLoJI ■ 3 '>^' j °' J-^' £^ *i ' j' j-*i~^ (>>*JI 

ijl HI 1 Itl: J J 

iill, (iUlf dUi ^oyiJI oUHl JUI otfl UjSS ^Jl HI; OUUI 

jjlj ( JL^S" JU j icj^il "polar molecules" a^JmJI olL>U aJU- 

. (5-3) jllJI (j o-la^j 

<ji^-H ilb iL-l^j a^j^U S J>^ (J**i ' m o "J 1 " W-^Lu- 

: < (5-21) a^UL aJl1.i1 I "Langevin function" 
y= m^ (n _ 14) 

: aJHI Si^UL ,k:.;..;JI 
|M| = #m j^coth y - ij . (ll-15a) 

jj-l ^H iJb c^^i; L_^lc . ^J-\ sj^J olL>Ll jjx Jli N e^s- 

^aJI ^ A-j^iJI Sjl^J-l CjU-jJ Lj-Ll^J lij A--. HI I4.il Lj.,« ^ JjHI 

. \3 yJ 1 jJLkll 



: 511. jil 1 5jc J £^>>. (Jul. ^J>Uu j m j til^t ilili. 

H. Goldstein, Classical Mechanics (Addison-Wesley 
Publishing Company, Inc., Reading, Mass., 1950), pp. 176-7. 



vr. 



M = ^MoH m , (ll-15b) 

: S^UJjUl SJbU SJ^I *i«aJI (J * Jj£ (jJ'j 

* m ~~ 3kT (11-16) 



• u j ^» ■ ■' « » a.*.Jio jjjl^- 0_^-> rn q u^i c ajjJJI SjjJlJJ Uij 

Jjj: . ojU h of c^*- t 1 Bohr magneton = eh/Awm e ) 

j slLdl x« ^ ijli. ^" J I (11-1 3b) j (11-16) o^Lil 

.(10-1) 

S/^LJI <>^ <>>J : jStf jUa-li JtJI lj» <_»j- 

S_J>Liil fJ >Jl". jSjll JUI oU] oi^ljUl J I JJ « Jib S^J*Li- 
t ^-J,Uil JUI til^JJL f yc 1^1 c (it c Ssr.>a> j* o& SiLUI 

yLvaJI ^ S^l Jjjl >l oU-jJI ,L^L . J- C5j'>l CT^I 

oUU p> Si 15* oi^l _p jlLc LJu> J^^J-I ^ c^ 1 iS~^^ **** 



Theory of ferromagnetism l t ^Ja\jL»^jji\ SjjJlJI 11-4 

(SJL;>!.I jI) SjjJJI LJ.UI fj>JI S^-J. Li- jjiiJI J, >W J 

^ J I oL^ljUl !i* (iijjj • jJjll JUI SJU j ^ Lj^J Si^>l>« 

(11-4) SbLJJ 'to, H = 0^ Uji^ tfjJI H m ^>U JUI 

uli . SjIII j oiyrs <J>j±> ciJJI M jlji- y-ii^^l JUI lift 

Ijjli Jaia^rll J*s£ ^Ji cij>JI c^*; ^ SKiil ulj • UiL^i o^. JJ-I 

. ^J^-l JUI SkJ_}j -U^J j^J 

L*a J^-Jr\ JU*U . (11-4) SbLil ^ tijjj^JI ^ ^ u tt^-- 



H m = H + 7M, 



H m = 7M. (ll-4a) 

olS" lili . y = i <■ (11-1) Jl^JI j iswj^ii ikwJI ijJiii! Liij 

(5jLjVji t I^ji oj* ' f cijl- (11-3) aLUII jjjb- j-?r 

^* Iji^-S" (J^- <— IVI (jli t Lj Jil ^}lho\ju> ijjjJI fjj^l evils' 

M > 0.7JVm . (H-17) 

: ^ (11- 15a) i^Lil 
[coth 2/ - (1/^)] > 0.7, 

2/ > 3 jl 
: IJyj ' [(H-14) ibUl <J^ y, 1^] 



2/ = 



> 3 



: (11-17) j (ll-4a) u^bUU ^ a^jlJI oi* 

0. 7 2fe52>3. (11-18) 

. i^-Js Lj>-« j__ftiJ I OjjJ- ^j^filll Jo^jJI yn lijij 
i_JJaJlJ (11-18) iljUil (jlj ' ^ I IJLfc . oUjl». <»-«2j ijj^- 

O L.....4- L oj^-l (jSC: If jy£-> j$\ 0>£j> (J-llj ' 1 ^ (Jl>»" 7 O>5o ol-; 

UjSCj L^^JsLiwjjiiJI LLl-t (jl IJy.j • (11-1) juJI j fJiil j 

Ul) iJL^jjiiJI j 5>Uil iJU-l ^ jtfl >^ JSCij 

• ( 5-4 

rrr 



dJjjl c~j>- i Liw_5 juiiS -Uj^iaj ii-L^j 1907 j-U j * ^jj^ 
Jl loAj . ojlptd! JjLLzJI i-j j3 c-oli" (j-jj ol^jj (jl 

1/ . •Sjfc~ iJ £ c$ji 6- t-l— T L:, JUI d\ - Ulij i J*ii 1 JUI 



Ul 



OijJJI ^ J^X 3 



ft . • * Jl 

ijjvJU 4jb cs oSGl dLiLCdl (^L.1 ^* dJjojjU 



dJLa 6>5C ul <j*~j ' cSj!>J-S y^l" J I jl_jl* t y 

jyo (^Ls^l gj>^l J Ji^JI ul • OijJJI j jjj^J^I (_y^JI £>j>^l J jl 
(5jl^JI l_i^sl oUl> U_j£j O^U-I (jiuo jj t lS~pC^jj£l\ i^Ldl i»U» 
olkJI (il t pJI J.£ S_UJ^il iSlkll (j-jJl! (jl 0^-5 • ( JJ^' 

LLl> c$JJI ( c>JI jl) »>aJI *J^Ijj i i.^kdl f "^J" j* - u - ljl -' yj-^ 
^. L-Ll. fjLCll JUI £v-*=y jjjLLc . i_-j">JI oljill <ia*-l 

• LT'J-^' S jJJ I j 4Jjse-l)l £)jy> (J~C LL^ji-i -Ul*J J-»l*i M 

Jj>- (J I JjS j^JaLi-o JL# j <L^Ja Li-a I jLU "LJl^ ilUeS' <^_^LoL»jjjiJI 



« (11-15) j (11-14) ^ (ll-4a) iljUll ^joj 



Af = Nm 



M = 



coth )/ 
kTy 



(ijLo ^jU-l JUI UjLLt JxJwJI t c$l ) 

. (11-20) j (11-19) ' JJ-I ^ 

y J aJIj^ M : jL^JI Jail SjL^ o^-^— 



(11-19) 



(11-20) 



jjJ (I 



* P. Weiss, Journal de Physique 6, 667 (1907). 

t VV. Heiscnberg, Zeitschrift fur Physik 49, 619 (1928). 



yLj . (11-1) ^ « (11-20) j (11-19) c^ibLil Ul£) 

. yyJiLil LJi" £. Uajl. <iiilj M(T) JxUaJI yu-Ls«Jil ji>Uj 




^ (11-20) ihUL JUll (>il y^Jll uti ' 5jl>l ojlj 1^ 
oli IJyj • Sjl>l i*-j-> (11-19) aJjUI jyuS^ ^ j IjIj^I j^l 

J I JL»lf (1 1-20) aJjUJLI Uait j^JI Sjl>i-I irjj J-^ . JIJJI 

J*} I ijjl >l oUjJIj ^rjjJI oi* . iiaii (1 1-19) ibLU 

<b>-j:> 5*-jjJI oJa (Jx (jiiajj • jjua\i LjL~« (J'jJI .,ti.'«i>7ll W*-* 

<y J.x! s^l^ oUjj jllpj . "Curie temperature" T c i iSj£ Sjl^ 
^l^JsLjuIjL jL* oli SjUI ^il^Lj iSj^S 

(iJJI 5jl>l yij^ M(T) J jLJI r ^JI t (11-2) JS^JI 



Ttt 



0.2 0.4 0.6 0.8 1.0 
T/T c 



i^jS T c J* l>Lii • S isrjjJ iJlj^ ij....uh LiujjO SjU Ja. ;„« a "„l I JSLill (juj . 11-2 JSLi 



Ferromagnetic domains ^„,.> l;.; 0jl iJ| jJ,Uil 11-5 

io^S <L?-jJj .,l»i'«»r< (j\ ^ ? «..-l > A ■ k Lju» jjO *-^- c Up ' <jw^"*^ Ju-JJ Lai _j 

jji iklijf dJU- J <y i«J»i jU&I (j^lc 4jL c 4 ci t yi 

J* ^ I a,. c (11-3 JCJI) 

. 1907 f U <iUij 




(a) (b) 
Jlc . olj^JJI jjuwo ^i>c (b) i LjU-I Sj^l. (a) : jL..JfrU«.« jjjb I jJ?Lll t-^ljj • 11-3 J5li 

. ia. Lt . a. i ll ol^l ^w^l 



yoikdl I Sikdl °j* J* ^ .(11-4 j£Jl) Sji 100 

(jl . «domain wall» iL^^Liil iikiil jIj^ ^1 y^-^JaLiU 
4j If JJi Jil uV jyt jjb jIjJ-I iiJ^ j (ij^JI r^ 1 

^ ii^ju ii^c o}s ' c5 ^*=r <>*j • i-^JaUiil Aikzil 4JL* 

o^il up oJy-j . 5 j jiui\ iikdl iJU- j If Jil <_~S>J 




iikdl Ja^ii oUj oljj^ _jl ' ( L-^JoUtll iiklll jIj^ i5">^) JUI 
. (11-5) JSdJl LLJ,^ o^r" oUu*JI . JUI ol^l ^ v^iLiil 



(a) (W (c) 

iLkJ.1 jlj^r tS j£. iiji^j (b) i cfc.'J>».7, » J,* (a) : ij-^JsLJujji SjU Jul? • 11-5 JSLi 



iLU ^Jj c5ju (Jl_j jIjJ-I uj£> ijS-Jl j . i ^ J>m iiLdl 

iaj^kJ! f LSof ^L-JaLjiil jlJ» Lull iJu«JI 2L,ljjJI f\ y*-\ 

^X- £fc5>eJL» ^jjjl (3_^3t*ull olc^p- (J I j k -'jj c AJ^jtJI ^tla.u (J..C- Ljl* 
4jbjiaJI eJky- . __>4^l aJsl^I^j I^TJuaLLo ' A^uJsLLiil J>iLJkl J_jJj>- (JjJa 

Jlsil jot ^j* -t— . »J»tL*l! iiklll jljts- (j^- ^^ 

JLlaLil <~?0_j^_l)! ^iJI (jj • l«i£*J . . . (_j~J3lLi.il 4J-jJI (J-^J 

. Olj?.:.;.,,,!! 10 " 2 j 10 ~ 6 L^J,ULI 



Ferrites cojjiJl 11-6 

. jjijl i iL^Jiil oj^olie i±iU« Lai jjJ 

* F. H. Bitter, Physical Review 41, 507 (1932). 

L. F. Bates, Modern Magnetism (Cambridge University Press 
3rd ed., 1951;, p. 457. 



(j jy>lH li* lili . ojjUtlU oljJJJ (3jl_jlJJ jj-S'Lil Ut+o\j}\ 

^JUa j iilkll j Ji*lJI U^" lij l»t . ^L-^Lju»jjv9 (j^-J oljJJI oii> ii_jS\Hl 

t >_J js y j 1^1 LjlSCL <iU ' cSjljiU ^^loll t-ji*9ljyi 

^->l l^i^> c^jL-j (_£^J»LjLo (j Uo t5^j *~?^y u*y { -^y ti* J^-W 

J* <5>l£ (5JJI i-J ^11 y-jJI j . ( 1 l-6b J5CUI ) (^JjLiu.jjii ^ 

^»»i>ljjL» ^^x. (j Uo li (j^Jj "(Ji— I ' _j "(J-^' fy" 0^-^y^ 

L_jL*-X!I ii-^b iiloiil ju-I^^I ^ i^J»Lill ^L&ft'ii oli c-jjiiJI 
Mn j Ni Co Jl. JLS 6 J M ^ , MOFe 2 3 

j^JLU . "divalent iron" jil5oJI jLi jjj>^ j! Cd 3 Zn j Mg j Cu j 
spinel" (J-^—l l. ^j— > <Sjj^ l ^—~^}— 3 . c^-jjj—iJI 

OjU.) 1» lull o^ULI j» oj>ill -> tjl 4j-lJiz!I ill. Si I . "structure 
. ol»jJl ( J^^l Jjjii-I ju-u $"1 



(I (I (I <> O <l 



(a) 



(i (i A <f> < i < > <j> (i (i (b) 



<) <l jl ^ < I ^ (> l> j> 

(a) ■ 



(c) 



•ji <-■ -J ^ J " i —t>' i fjj!— 1 1/^4-^ J— • 11-6 J— SLi 
. (^JalljUj'.i (c) <. j^ji^LjwjjO ^ 



,j* jjoUl iilkll u l_uiJ tt*^ JUJI oliUJij j 



i.jUll oti ijUU, . jL. _ pi 10000 J! 1 (5jdl ^ 

. jL> — fjl 10 cijLJ JbJiaJLl i-JL^^Jl 



ij Ji^ tS-^l (^"r^^il t-'js- <oL j^j u j la.,:** 11-1 

i_i^aj jj <_5j.5l ^ jIju yt jljdl IJl* . O^JJ-^I S jJJ (5-ullLll "j^jl-^ 

Sears and Zemansky, : cjLi^ t ^-^0 ' ^J^r* ^r^*- 1 (jjj^-l^' 

University Physics, Chapter 48, Addison-Wesley Publishing Co., Inc.). 

1 Bohr magneton = efe^irm,,, • <j' <j-^ 6*^H 

. du^L c-jU Jif h j Ojj^^l ik£ rn e Jlx 

11-2 

.(10-2) 

i^-^JaLill (-jLks")!) oLjLj (juil <ju JjLiil jijUJI «jui j»- \ 11-3 

i (>_5_/— ojjii Jt*j tji^U-^ (jkjLLllI (jy^~t ^J** __^-^!l ^J.£ 

^» T^^J • ( (* J_^~£ol 0.1 X <j _J_/^>-l ^ I 4-lsti> ) J _jL~» <jl J-C (jlj^S' i_Jai 

. (orders of magnitude) i_J J I 

11-4 

Ja U CA (\ ^1 o\ u^jijj i (latm.j 0°C) ., 1a , ; ^>llj Sjl ^i-l 

jiiiJ! Ja^._jl< ijl j Sji (JS" j ij^Ji 4-j>-jU-I olijjiSCl^il 

. R = 4.0x 10 _9 cm 

aJIjJ Q-lil <t a;\,..U Jai-U Sjl^*- i^-ji Jlx (11-1) JSCiJI J . (ij^ 

AjJjJJ >Sj3^ ojl >>" i>-jjJ aJlmJI i«^iJI . J^oMl iJaij JoLc j^i* 1 

(ijU ^j_^J (gyromagnetic ratio) l y ^h\^ 3 jj r \ a> Ji <J^J 11-6 

4 — wUJI . cS_jljJI j»»-jJlj is^t^^ — fjH 1 -" 6< ; * — Jl I r' J — c 

0) "Ujlj ic^-J JjJo Q ilseii J M illS" Oli S jSCl A^^Jj LjUjjii- 1 

. o jS3l ^k~» K»ih'^» ijy^ is-jy <L?tJL}\ ijlj 

tr. 



MAGNETIC ENERGY 



o^^il i-Jb^SDl ojill Jii s c-ili' liU . e-^JJ (il-^y 0>i^ 

: itaUlL 



E + G = 



(12-1) 



ol . jLjJI SjSb i-jli. (y R j V'^L* 5 ^' i*iljJI ^ <-^" e 

J^- i^ili cy dq = ldt £o cM o- J^ 1 

G = G 7 dt = -SI dt + I 2 R dt 

= 7 d* + 7 2 i? <«, (12-2) 



t (9-1) itaL.il Ja*-^ c Cilj^i Opls »J*L»f O^- ^ptl-l Ji oji*-^! 5i«aJI uj 
. jU>"ill jJ-l ojj • J»-ljJI Jilll (_/aIX t-i^ jJ-l lift -J"* \ 

S^SIJI j iizJi 1 L.5L.^SCJI 4*iljJI S^ill ju« Jill! y> i /d*, 

jijJJ J«*j cS-LII S J-i ,y jp^il Jill I >_>4-l liUi i iJL^^SDl 
: <_J^J 7 2 i2d< jJ-I J»U»Ijj . (^-oJ^LiU (JUA I L_L> 



dW b = I (12-3) 
(12-3) JjjUI j SjIo-II Jij < ( JWil J* oljlkJlS")^;^ 

l^i <jJI "rigid circuit" iJuJI i Jui~l\ v^l*^ 1 ^ ,jJ1 s? 

ujy iyrj f"a_P $Ll*) J>4- (5jl >» uIjlJUJI i-*UJI j ylu-Jtf 

7 I m UI::II SJlkll j >iJI jljii IjL- ' ( 

^"tf Jul. j (^iLuil oLL^JL; iiLUI olj^ii J^^i <-Vj • s^'lj-U 
iLUJl J*LiU Juk^l LuUI UU u&J ' (12-4) 



. <U-JJ> tuSLjtf S^JI jj <U«J»Uiil <?UaJI 12-1 

Magnetic energy of coupled circuits 

jLsi\ flkJ L.^J»mi iilU! JI^J XJI lift j 

: OjS^ (12-3) ibLJJ Uijj c iiisM iJU^SCll i*ilJI »>»JI jui J^Juil 

^* Jli~. J5C1; (Jjjtiil SjjL l^lj < Lie iw> Jlc S*-*aJI oift 6j 
j <^U- J5C1j 6>*^ UiU 4 dUi . d<I>j &\>\>j \±4 

. iJU^53l ^IjjJI ^ n Jl j jUJI oljiiJ d*i gjLJ ^ *UI 

oift (j ol^uuJI ^iLw« (J^Llj *iajljvj (_>a*ill Ciljjju JJU-I oift ^ti 

= X) = £ M " d/j - (12_5) 

dW iL-J>Liil AiLkJI j joJI Ja^jJL (5jLo dW b 4 i^*<,_ yi-ill 

oLj- Lu5Cc li^_j t iilill ^jIjjJL L«t»l Li Ll>L i L» sks-'i! • i»jJiiJLI 



<jyj ul j o&j • i5>5U *~~Jl< sa^tj iiiiill LSljfM 

. dW b aJ^ju dW 

S-jkJl W ^J,U1I iiUJI jUfel UJC* t (12-4) ibUI J-IS^ 
iJLjJl 5Lcj*it J I ( 1 1 = oljLJI £• Jil^j ii j^- 3 ^ cA^I 

iilS" J-/»" ^ V'"" iiaji-l ojjbj . W uLy iJj^-o Uj5vj; <L/>U- <Jaj>- 

i^iJI u-ij 0j£> ul (y^-J ( tiUiS' o^iJI ^ isl^j) oljUJI AiK yl 

7(/> !■(/) f</) 

i 1 , i 2 , . . . , i; 



n ) 



: ^ (12-4) ibLdl J-lSo, 



d*,- = <J></> da. 



W = £/<M> f a da 

i= 1 

: ii^l ^SCij aj>UJI j>« ^il J»li-^ SJ^Jl* i^^l o^lj • a 

IF=jJ;/ 1 4. < [*J^- i»Lji l 'dj, o^\i] (12-6) 
1=1 



i (J k*'~ »^ ' <LJ.*a o ^jIjJ jviL^i (J^-1j L^LilSCijj t (12—5) iJjU.il iiJLtL^tj 

i = l i=l 

= \L\l\ + \L 2 l\ + • • • + \L n l\ 

+ M 12 IlI 2 + M 13 M 3 + h M^/i/n 

4- M 23 I 2 I 3 + ■■■ + M n _! (12-7) 
: 9_4 9-3 oi-^ 1 J ^J 1 ^ 1 W ! -5 S 51 ^ 1 bj 

M,-,- = My,-; Ma = U. 
:<jl Jj_p s^l aJ^ULI oU tirj^l v'^^l ^'IjjJJ 

W = ILJ? + MLJ 2 + \L 2 I%, (12 _ 8 ) 
Lr^. MI ^2 jJ-I 6^; Jij • Ja~-~U M , 2 M 

4 I \i 1 2 J* cU" X J-^j . 1 2 J I 1 e & ^ ^ 

: ^ 

W = \l\(Ux 2 + 2Mx + L 2 ) > 0. (12-9) ✓ 

W J^sUUj UoU-I { Jit {iSyaii\ /\) L_. jJI L^J j W J*^- ^Jl x i^J 

cijLj ^jUI J*jtj xjl i^JL 

x = - ^ • .(12-10) 

: 

ibl.il l)I (_y^>J ' ^r>* x J ' i^— JIj W L_«50J iJllll ii^lll 0>SJ 
:; ui::li iiLkll <jl* x ^ ^ ciSl . L;JI i^iJJ U»jd Jii (12-10) 

■jyj . I^A^ (ijLj' jl >*JI ^ ^1 u£> ul L.I (x = —M/Li 
L,L 2 > M 2 , (12-m 



j / oA? (9-3) joJ! j i^JI 



^LLiil JUI J SiUJI isl^ 12-2 
Energy density in the magnetic field 

^ i^-u jU i^i i^J=[ud,\ SiUJI (12-7) ibUI Jli 
JJL. oli JjJiadljj • otiUlj oljUJI : aJL^I s^JIJI «parameters» 
_^-^l i_jU-I ,_y>_3 . U-,^ ^Lil ^-UJiiJ ^ a 

H j B JUI oLi^JU il^Jo i^J^Liil iiUaJJ iLjJI ii^aJI (J U 

„Jl*j . a3\> j^-J.Uiii JUi J i*U*Ji u> u^ r U^lu Sjj^ 

t jJLc^lil J^aiJI j >fl l^j ' W^r-yi 0^5 *»Lkll OJ^ <j* "ojyd\ 

js± oLLJI j t ^Li, Jj4 £JI JUI J^U iilkll Jliil i^i" £*yJ 

ui ±>j^ 3 « jUJ iL.U.1 aX^JI iJlj^l >ljJI ^ i*^* t>> 1 

U«l.p- (ii c$^>U Ja-j) j U*~ir 03 4 ijU^L (Jl V- c$l oi£^ 

c__Uil qaj . (12-6) UsUil Jli i._jJidl <.Jl* iiU ol • M"- 



S>,- = J B • n da = A • dl,, 



(12-12) 



8 j* (^u^j . «local vector potential)) (y^^il -^4-1 J-^f A <^>- 

: (12-6) ibLil j i^JI 

w = i ^ / /<A ' (12-13a) 

Lcj . iJ^oi j^l ^r^ 1 (12- 13a) DjUII iiU^> j^j *y 

s^SIJJI dUi ^ ^juj 4 o~>- jXlj Sjj^ jJ. jUJI jjIjj oU (^jii 
ij_jSCj oU oUj^-l (i-Ulj) <JjU> Ja-j j t>i** jU-» L;l J.c i^JL^SLlI 
Lac jU^ JSCl, 4-j^jJI oi* Jli (12- 13a) ibLil JjJ-j . (lay 



TT=i/ y J-A ( fo. (12-13b) 

iblkdlj curl H = J JUI aJ^U- o^.a=^~« v 1 ** 1 *L*"k> 

: (1-7) i^l 

div (A X H) = H • curl A - A • curlH, 

: lSH\ ij^il (12- 13b) ibUI itf L£j 
W = £ J H • curl A cfo - i J s A X H • n da, (12-14) 

U Ol Ui> oi Li" li, .V ^1 >j4 ciJJl jJxJI JJU S ^ 
S ^kJI c—Ull o*» ' i;V;^ u J 1 s-^ji* Ad' "^IjV^ 

^ Sa^j 6j5^ pJa-JI l-i* >!>-l ^ la =r 5 >^ ci 1 

r Jit t jjjii Jit J* 1/ r 2 JjU: ^-i^ J»Uai» H <ts*iil ol 

jJaJI SjyT ikH J I jLJI £jy uU^. J**l *Jail i»L-il 

i^UI Ob ' jiail <> !/ r Ji 1 ^ <J<^ A "i* • S 

ibUI j j*LJ\ J,l£JI <u*L~» oU liSC*, . r 2 ^ <_~,L^ i^ikJI 
J I S j]jb»"cuL.t lilj « <iUi ^ g^J jl 1/ r JjU^ J,US (12-14) 

(12-14) ibUi y»J*JI J- 1 ^ 1 

: oi ' B = curl A oi Uj i »U»ill JS" 

= £ J H • B do, (12-15) 
l^U (12-6) aJ^UlI ^ eJL^I oi eJlS" (12-15) SbUI o\ . (6-17) 



": ^-J»Uill JUI j tfUJI 
to = £H • B, (12-16a) 

w = £ M ff 2 - (12-16b) 



ft 2 

ilUJl ^IjjJI J* fj>Jlj (i^l 12-3 
Forces and torques on rigid circuits 

^L~J>Lill iiLkiJ AjbaJI j-^aJI (y \iJs. J. v>a:Jb Lst^Jjl jj'SlI 

_j (12-6) o^jUL sLLu« £^*»JI oia . jL^,^! jLzll jjIj-s <y> i^laJi 

(12-15) j (12-7) 

dr Ujji ilU> is-ljl J*jcJ izS Ji iJL^SOl jjljjJI tsa^-J ol <>> >-J 

dW m = F • dr. (12-17) 
: 0_j5C o'\ (_-U»Ij iilkll y^jli j^sOj 

dTF + <W m = dW b , (1218) 

JiJ! Jl£ dW b j A^kLJJ i^Liil J ^ dW ^ 

dJi Lu5C?.j .(12-18) ikUl ^ dW b oJ^ o^lUI 0- 

: (12-6) ibUJ tsij jSl J* 



dW= iY.Iid*;. (12-19) 

i 

: jj- 

dW b =2dW. (12-20) 

^ LI I ^••Jjj ' (12-18) itaUl ^ d W b <JjJ- ibUI Jl* j.ljc^Lj 

: (12-17) ibUI 

dTT = F • dr, , 

J' 

F = grad IF. (12-21) 

Jp- jjoJ LM ti-^ 4S^*r o-V>-« i-»jjjdl iJljj^l S^jI jJI lili 
: iwJL IAIjljlJ ,j5Ci (12-17) iLLil t ^ 

dW n = t • dO = Ti dBi + r 2 d0 2 + t 8 d9 3 , 

: (jli i oj^JiJI oJL* o^j . ijjIjJI 
Tl = |^, (12-22) 

t ( 6-7 xlJI j o-l^V c^O iXjL-j^l iJU-l j |^ J^ilj 

SjydJ OLJIJU-^I (ji W J t^oJ.1 jtc'il *LLcl ^ji^o 4J 1 t {jLju IJjtj 

f^^iJI li* *\ jr\ ' <^Ji £»j ■ ■(*> ' 2/' ' z > ' *»' ' 9 2i ' "3) 

• fj>-"j <^^' CjLJ. JLiJI OjL,^! (Jt iilkll iSj^i* 

iHjjJaJI oJuk ^LjLsI (jijli dJ Laj . <jJL« <-3^m< iiij^iaJI ojiA ^^oyl 

yu 2_yL)l Jj^l LILl. j . J^jll SjL - j oJ^_jil JSL1I j oUkw 

J.£ s^iJIj t (12-8) ilsUL sUuw A^J^Liil iilkll . jLJ j ^'b 

: (j_^-> 2 ^jIjJI 



TTA 



F 2 = grad 2 W = IJ 2 grad 2 M, (12-23) 

. r 2 <> jjv ul l4 M ibUil «UI ul 

Ol lu5Ci la^-j t jtc^l li* JJi (9-35 iLLil) 6^ ihl—j 

F 2 = £ 7 i J 2 <f> (<fli • <flj) grad 2 , 1 , 

47T /Ci 7 C 2 l r 2 — Tli 

(12-24) 



jx3 ^ <. (8-25) AbUl Jfa-">l • tfrljS^ ^ ^ ^ L & 

: J^l ^1 (8-25) ibLil j J-lsaj 
dl 2 X [dli X (r 2 - r^)] = <fli[dl 2 ■ (r 2 - r,)J - (r 2 - ri)(<fli • <fl 2 ). 

: lJH\ Ik^l ol ^ u ' • (12-24) 

v^i^in^r- (12 - 25) 

dl 2 J*u- j \>>j±* lr 2 - r t l J2£ dl 2 ■ < r 2 ~ r i> J ,aSil ^ ^ 

dl 2 Jai^. dj£>_ ti\!jjj .r 2 i y> J\j |r 2 — ri\ jIaaJJ J^jJ-f2 — J"i Ajjdl Je. 

: dl j oj-j x*C 2 Jj»- j-l^ii-l Uj^Iojj .dr 2 i J 1jjL~« 



/ dr 2i 



dr 2i 1_ 

r 2 ,, r 2 i 



SJjI*1I ui* f u-J ' (12-25) iJiUil ■ o^\^ 

.(8-25) ikUl J» ialS^ (12-24) 

* ■ > * * * T 



J* ( 12-la j£Jl) ^jlsLl 

. J^l 

(J I oJuLm lj_J^O (Jl^uJl I Jjb iii 

4^_jJxLJL) i-^wJsLiil iiUaJI CjLJ- i>-U U-J JaJ- 1 <j~J- j^Suj « jv^ Jb» 

_5 (12-la) yJiSLiJl qjj^^il t^ijJJ yLUl i3 y ^ Jj ' J-«ISCJI J£LLll> 
(cljLJI ^ ^Ul) JIjj^I JUI l^Sy yl ■ j* o-J (12-lb) 




— x + dx j 

(1>) 



(iiLkll iLjhj) i j_}jjL»- (Jit j Jjtjl liJuJi*- '/;.a» Jfi 3>ill .12-1 J£i)l 



Ja^iJ.1 tSJbJbLI ^^ilL) Jil ^il JUI U . jj^U-l <-*UI J»-b L-J 'UxLL- 

(joiyjjJI (ju jJI (3 _/»il uj • ■— JjJ> (J- 6 ^ j^*-^ 4_i£Jj ' Iji*^ {jjZL^s 

4,aL.:.» L-^all oJujcJI (j^JI i;UJI J-i* AX J_jJaJI y I y» (b) j (a) 

jj^ s jj_>U-l cilil J^-b jjizdl JUI ilk^o <JI Jl*» J5llj JiLo (JUI 

. y-J.Liil l_JaiJ V-J.U1I SJIjl jot (jLki J9> 

rt. 



W(x + Ax) « W(x ) + i ( (M - Mo)# 2 

J A Ax 



W(x ) + - /i ) A Ax, 



1* 



Fx ~ 4(M - Mo) 



N 2 I 2 A 



J 

(12-26) 



Hysteresis loss ^-JjLill ciUdl & ^Dl oIjiaaJI 12-4 
o^Ij . iJail oLysl^i! oli <J±S[> o^U-l Ji... j j t «reversible» 

t p * f 
e (^jJlJ . iJaj'i!! oift Jl. j ojj\J\ oJlcUJI Jlc ( _ s - k J»Liil l_ilstlJI 

jJUa£ (-ilil JaJ^JJ • ( 12-2 ,J5Ci)l ) <L \> L»..» jjO Job 4»laa_i 

jou" JJU (12-3) ibldl yii lt !Ui ^ .(12-3) ibUl.j Ji~~ LiUI 
JauJA\ j jjixJI Jl* do >jJI J**- JU.I lift j LJU . iJlji£}\ 

oli! iiJ J5 - jJxSj 4jL lui ji lilj . ( oJLil oJc-\j <LiJ J}U- j^JsLiil 

( £*->-l ' ill ^ jljlill ' aJUL I 



(12-3a) 




«,>„,, MJl. U> J£ij (^-^l^iji* jr^y 12-2 J*^ 1 



. 4 kLjoa o ^jljJ ojL-Lc-l (J.£- ^> Li^Jj^iJI j^ojJ 1 (j» jJSJ 

L^Jil (yriy J>»- NI (jC Sl-o /H'dl J^UI £A\ <y ^ iS-A^e 

: *^ (12-3 a) SJjULIj . (^Uill 

SW b = f 6$H.-dl*= $A SBH ■ <fl, 

Is . dl likji> Sjjut iiLi L^-Uil 4L,u..J»Ljjl s jSUI jJai. Jit A 

: J^l 

iWi, = j>A SB ■ Kdl = J SB ■ H <fo, (12-27) 
wtLill AiO jlsfi l^la^l (12-27) ibUI uU < (jXJJ 

4* Ik) I ciJjJ J I SJSlf Oj^- iUjkJil LftJlt JvaatZ-, iilkll 

ibUI ^ p\ iLU, ii^ Jli (12-27) ibUil ^ . (12-15) <LUil 
<u j) k .' 1 1 (J_c j^sejil (JjLlJI j\Siu> yc- a!> y.)<i* o jy^. ^-^-> 1^1 ^ ' CS^""^ 

J-u Lty, (^-J=Lil! JUI 2L/^; J oU (12-27) ibLU 

dtt> fc = H • dB (12-28) 



: i-J^I U-JL (12-3a) ibUll g o:,. 

iJjUl < iJl*JI olj ■ oljUl cSUG ^ Sj^^J Jiljil (>-iJI juJ '5*,- 

jjc 0)SJ < (12-27) 



^ i ftkuL jjS^J. c-J- £»J (jJI 5 ^ 111 5JLs- ^ fljA^lj SjjjJ-I o^U-I 

o-Li. (jj • C-JjlH* jLj jl j-«I_5 *J^L« <i-J>J (jjji^" (-iL" iJaU-l <UU- (J 

^ Ij-j t oJj-Ij ojj-i J^j-J ( <L?Oji <iaij (j ) H (^^JaLill JUil 

IaJjuj t — H max (J I (^jLZj ^ t H max (Sy^>ii\ <J ' ^i^aJI 

Sj^J) ,>IjJI JiJI .(12-3 ) y^JsLiil cii»iJl JS^. 



(«>l,)a6 = / 
J a 




• ^■>* uj£-y (J^jI—JI (3»-lJI j!jjL« (jU L-^"3-» dB j H ^ (J^ - ij>^>-J_5 • B — 
U dB ^ H u'^ UL ^ ai U yS3j < B- ^Ij^^l J'(bc) ^^dl 



TiT 



SOs-lj «l00p» £ jb J«J paJ-l Sjb^J o>lkU Ji^JI oli < l-V.j • ( w t,)da 

u> 6 = jH dB, (12-29) 

^ j . U^-e ^ oilJJ ''i^JsLill iiiLk)! " o\* l-y.j • « jj-^ll (i j"^ 

iilkJI oJL» ^k.'j . S-ijIiil Silkll Jli (12-29) iLLil £*^l>!l ' f 

(12-29) ibUlj . ojUii! jLJI aJ^ V' 1 ^ 1 >M> i r*" 

oO?-_jj oJ^iill iiUaJI oj* ' '"^J (^^"' 5-*>->l iilkll Jlf 

:a>j j (^-J^Uiil cJ-l j^jcS r j^)l JiJI 6 C U (12-28) ibLJJ Li 



= H • dB = Moff dH + noH • <M. (12-28a) 
,_^x- Jh^' Jj-UI <il n H dH Jiil a*j ol (jLp-^l tjz*J j (— — LII <y 

. 5jUI J-t >>J.I (_jC>JI JiJJI Jix nJl-dM jJ~\ oli . oift ^iaJI 

(12-29) yjUl ol* ' SjjjJ HdH J^lSi ol I? 

: iJ^I ii^vaJI fjl5o 

w 6 = Mo^-ff dM. (12-29a) 



rtt 



. j*_jJ^« ^j-iJsl 'Jut (Jl (j jj^" jl ■ i s y\ s C'. «.</>j 12—1 

. / cfl x b iiiUL ^yLu" dl SjIUI _^L* ^ jv^lc JT J* 5 jijll ii-J»Lill 

r\ji ' i^wJa Lill (5>i)l Jijt O^- tfJ ^ptTjJ o ^jIjJI iz£ jJ lili 

<j£-i s^iloJI J-i ^ C5 Swl5Lil Jill I o' j^Lil oLJ-l ilijaj 

. s^UI jU>)l tjiuJI Jli do i dW„ =/<», 

jjy»J>LLi^ Ja«*j <j c*»*ij jyLlJl itaLjU ^jlji <Lcja# 12 — 2 

Q» ijjLl C~1j Cj\ jLjJI iilS" jtJ T cuJLc lili 4 dJ yd 

(iJUl ^ISUI JiJI o\ (12-18) j (12-6) (12-4) c^UI 

dW m = 7j <«.,, 

. 1 J j s^UI J^U- L^jJI j jji^l Jlx d0>! o\ 
uIj^jIjJI uL>L* . jjjbJI (JJjLl. jLj j^jb iyrj <J° 12-3 

: ottUl 

Li = /9/JjMi2 = M 2l = Pn /2 n' 2 , i L 2 = 

4. i»Ui-« iijiil* ^L.j)b;l,l o-ift . Lolj Ijljii uMi$ s J /J (J-J* J>\ ul ij 

il^Jb i.jJa^JJ Lill iiLkll <_~~»l . iJaji- c. J L$l53j (J SjM iLU 

jLjJI <U-J J»Lii-l <LiL$lJI 4.7, »...? (J I I] l-J-^- • LjLlj ' J5Clj 

. I 2 1*<J ^ Cs*3 ' _/i«*U ijjL^ I 2 

\i Ik} J5J. 5 ■ 12-4 

.b<<au' ' ^ C$jL-J Lft j-!ai <_«-iaj Sjv^" 4jJ ij CUaJsj b c5jL-j 

li* /loj_) 4 UjLkil Os-1 J^>- ijljJ-JI li***f iLJ-. ojyu^ll o^ljJI 

j I b l^ r . ^ . ^ jaI—^ tixjL-' o^j ^jIjJI J-*^ • »ji^^JI S^jIjJI j ^^iaiJl 

IJl* o^Cj oUl (il j . jjjil p>JI i_^-l t (JjLJ 

yo iiUI t 1 ^jL, U ci^ J5^ JL^ ^Ui- 12-5* 

. A cijL-J Aju^ jJai. i>L-.j UjOS Li^ii <ilLx c d (ijLj d-Jai 



j-\ . N ojJti 0_i.JI I °J~« IjLJ J-J-t -AL* (j-^JsUill I if. 

^laS a 4j>-L_> I j _J I '« Ojlil I. . ^—JsLiil ly. — — (jJ I S^lll 

. 4 . , lit (JjI— « t-„... vail I '^-^ ^j.. ..^> Ujtll jJaii 4jjL_» 

<OjUa_) aJi*__« ioU^^ o ' c-jlj J_U_ _ji I J ^-JaLji-o 12 — 6 

' . iiJjJjjL^ 4^4^JxLa 0^^-*^ 

S^jIjJI J*i ^ j 5 *--' _£-f>^4' J~_JI _l (A* li- • Ll>^ I o ^jIjJI jLJ ^jt-j 
j jiidl Jjj- 4_>L___J tii^f (3JDI -L-X-^lLt (12-1) SJLil j <j---l _» 

cJK I5U . <u» <o_j—c i5^5- (12-4) J£_JI j y> 1/ JUM 

e_j_ll t_~->-! (I) t A (ijLj <*____. <s-L_»j * m <■,.... ,-all SjU J____JI *Jj\i 

iob (jl c-Ji-c lit o^ai! ajjjuJI a___I J^rjl (sj) j <_***_ill (J-c 5^5 Ji I 
. B = 0.2 5w/ m 2 j A = 1cm 2 olj ' ^bJi ^ 




F = / V* 

JUI oU t 5^ s^IjJI _jK t iU .(12-1) <JUI v-" 



J" 3 J cy ^ <j' ^ j- 5 ^ i>j>^ t^-^ , '- Li ^' <J^l L-jllc ' 

F - (m- V)B. ^ 
✓«* * 

aJi^j o^b 12-9 

B = ifr/r 3 . 
F = KIVU, 

R o jiai i. a .n,i (3 ^jIj (JSli. oli 4j^L^« a y jJb 12—10 

iJ\jj4$li\ i ^yJ- . J-hO^I ikai X IftjOi iiL^ JlLcj X ^ I ^ I J..C 

o^J^il o^ill JLs»- _jl . (— x) o\J-\ (j J^»jJI JsLfljj c I ajjS IjLj 

J^l ikii ^ -IcLjL. ^Ui. tio- JU J-i ^ iJl^rfSCjl jJI J_c 

B = Kr/r 3 . 

(J^LUI Jaa-^) ^^-JjLiu. < ttJLi^ (^-J*-^ oU-Lil 12-11 

j ( ^J>liiS\ CjiL^JI <^£. 4j£UI iJfj) oJjiiil 5 j -Li) I <_*^-lj 4 ( 10-8 

. 60cycles/ sec ojl-ui. jlLc jI^II oia 

U 12-12 

(ijLo ^ jl^kJ JSCi, ji <_Jl!\ .2000 joules/ m 3 <y> J^JI 

ijljj^ "^v*—; • 0.15m t5jLo °^Jaiij 0.4m 

. -ui SjljJ-l J^J Jj*il »-t c 1800rpm 

UjJ_c_5 . (Jul* m... LjLa (_] La^ |j <LjL^4^ jLj o c-*-oj 12—13 

. (12-1) Jlj-JL \ e S' y» L5CjI£~. }U£. >?e-j l^U s ^jIjJI a-i* d) ^aii; 

jLjJI j JJiJI jod! LLaI LiL pi ,c$jL. LlJ Ijloi. 

s^SIjOJ ; .....hL^ll ULkJ! j j^iJIL. . {* .,...).L^. LIjJI ^ ^"LJIj 
<_JaUI JLJ ULi oLjLJ. y-L^II J-Li JljJI IJu> ?i_jL^sai 

. (11-3) jllJI j ^J»Liil 



TtV 



SLOWLY VARYING CURRENTS 



Introduction 13-1 

(j^J^oill _ [^j. 2j.{^\ jjidl ilJaj oljUJIj t jiiJI Af .Li A-JL^Dl 

I (fU^ £«j . * (Jjj—aS'L O^Ijl«-4 ^lj^JL**l t jy»jJI Af . ]a,i 5jL-fr 

dUU j LJ.^a'i J^-jlJI ujJ-; L4A43 L^l5o: a_.L*JI ^_»Liilj jLSCi^l <jLi 
( L~r SjiiJU aJL^ A*ib Sy (ilLi ^1 XJU^SGl jSIjJI dJ^L. >j 

aJL^I y-LI gjftj) aJ^ (3>^j 

»UJI j I J* A_J,Li-j^l a=t^I J> jlai- 6j ■ f » ^>)L 

X = 2vc/u, 

:M juill ^ dJj 

to 61 . i^jljJI GL.-I IiJc jLkj < jj>JI j *jJj-« 2 7t lijLJ to IL^JI 



^1 J_jJJI ^ ^ ( L (j5CJj) i.^kiJJ ^oi^l ykLI 

t "driving frequency" J^UI j.>>) Jil^ll >J-I *UiiJI j 

L «2^ t tt<< ^E. (13-1) 

oJ\J\ ^ dl JjLJI ^ J5G oJ» ' J»j^l li* Ji^ lil* 

c O^lj jyr^. Jji ^ ji^J Jil J-J (J-CJ < ' i£ULa I ojlji* IjLJ J** 
(^.JjU IJu»j . jLJI (j-. iuJill J*afe - dl oj-U ^iL- (^alij 

oIaL^I iilSO, JLJ^JJI _^L>JI e J* ^ ifUl o^UI Jlj^l ^Ij JSll. 

SjSIjJJ ^"Sll j*JU L ~ X/10 oai c (13-1) ibLdl j A^iil 

±± j^: yd yi>JI IJJ, SjUil ob^l oj • (13-1) Jjj4-1 j yu^i 
jjjUlj (^li^l i->) >( >l^l (5>jjIjJI JjjJJIj *elo«£JI Sj-^ 1 

^iljj >Uj LjIsCI ^>I^JI ^* I . ijj^lil o-^il jj^j <JUI (ijrfjIjJI 
i^JL, Ul t JjjJ-I j oliUI jjJ^j ci ^1 oba/ll aJL^" 

SjIIjJI jLoIj ^11 J^l ul ii^^L dlif yi^j . giSll jwi* Jly^ 
jUjL o^SCl*, (30Mc) i-jlill j ijji 0>Jl. 30 ejloi* a J j-lc iJL^tSGl 

Ai^JUl AoLle^l Aj^kJI J-^ - ' S-^ dJiii t 

J-^jUj j tJ°^-\ UJ-J^J Ji*^' d° <~>y* (J^aill li* (j 

• C5-^ ^ 



13-1 Jjj^ 



/, cycles/sec 


oj, rad/sec 


X, m 


L, m 


60 
10 6 
30 X 10 6 
10 10 


376 
6.28 X 10 6 
1.88 X 10 8 
6.28 X 10 10 


5 X 10 6 
300 
10 
0.03 


5 X 10 s (250 mi) 
30 
1 



:'6jalA\ SJU-Lj S^jUI IIU-L LS"^L, 13-2 
Transient and steady- state behavior 

>JI 

£. Ol jUU jljJj^l jlilll 0]* < 5 ^J^^f^l i**UI CSjill Ajuw-t t>C 

iuiljJI (5yiJI t -'ji"-> ' **jlS <*-^>-lj (j^j . "jy^> 0_jSCj 

4jl . ( -Lais' *Ju_ji> ojiiJ jLklj'iL; o j I (jSCc ijjjjl) ^j^ill) 

jt^l (j^jLJI ^ c5l (Jl j 4 ti Cj ' jW-" a^jA— ^-jL^-* *— > L-JLl 

J Sj»7.,,.ll SJU-I iSjL~> ajjjjJI <JI jLij . Sjjjj^I j! ajjj-JI <L»aI 

£_j*i»jil ij ^-_^iJI J^r^j • >4-l oUt..-4,rU Sj» r .... U iJU-l (JJjiIjj <. ( <Cjlill 
(5^-^! i_-^SC!lj * sy.j u^-A;^ O^lj^l s-^ <Jl f^rj^ *c5jl*JI J-* 



C Kirchhoff s laws L3y£j£ Ujjl» 13-3 

Cxi -^r j^- J^j-^l oljUllj oU-dl l^J SiLil Uilj 
«>■,■». „ , : JI j . 4lLil LjL^SCJI ^5 1 jIJ ci^Uj^" 0>>^ o - ^ J^-^ (j 1 ! i—jt <<-i 
a^J-l >» ^, -» -" - " - H ol* t£U-jJ ' jv^LJI oi» J5G ^ ^JL ^ ^ <Jj- ( IR i*^) 



E. A. Guillemin, Communication Networks, 2 vols., John Wiley & Sons, New 
'York, (1931 and 1935), and H. W. Bode, Network Analysis and Feedback Ampli- 
~>esign, D Van Nostrand Co., Princeton, N.J. (1945). 



j Jk> (jo j^J-I Jf SJ^JJ j»jt^z-J <_»>-. « counter voltage jUII 
cij-Uji^" Lijjli d\ iky^L y» ^-^11 ^xlJIj . iJUiJI j^t. ^LJljj^SvJI j^L*JI 

LjfZJjS U^jli QO^i ■ S-iUail Jj^j-lj ^^^4^-^ S»iljdl cSjillj tjl J^-'-' 

: jSl 

UUll *JL*S3l S^l jJI j ^ J <#J^' - ^ 

. SJUj^l s^JIJI j ijSl SjUII i>**JJ (ijjJ-l &*4\ (ijL; 

(jSCcj . iJL, -uJ oU^I lift (_^j>-; ajLjII oIjLjJIj <^ry> J*j fy»*JI 4-k"-> 

4jul£Lj_) . iitlaJI Jai?- L.L.I (J^£ (J j "if ! o>>liJlj • U~* £T >^ S->^r 

ixiljJI ojill jJ^aj Jsjj c o^jloJI oift j . (13-1) J^Llll j ^>j-« y» 

_j ytjll (^Jl . C U-jIIj L iSUIj R £. JlyJI J* S(<) JLSL^I 

lift iJ'^Juj . JL^jSCII jL^JJ S-^-J^' J^**J oj>^J O^J**' 

lil ijj!-^. o^SCj S(0 iJL^rfSCJI AjjljJI 5_jiJI . Ol jL^I AiK JJLsi oLai^l 

<J >JI ytf lil <il c>j>il DUfr^L uL, JL^I jUJI J*^ cJjU 

jUJI jJIjj j l^j . Ji-Vl ei>JI Jl L-J ( 13-1 JSLDI) L.-^ jJi-aJJ 

op ' I-ht^ (dl/ dt) o^" l^i* • jUiil i»jlsil Ji^ IR ol* jazJII 
(j jj^U* (jlj^S' jLJ <_^-«j (J-^'j ci»il ij 4li£ 4*3 1 j 

L*-^. u>5L ol i-jt L e-^JJ J^^ll <J jiaJI ol til ' I (>j>il jLj^-' o^^' 

«UI (J I 4^»i IR olfl (j-i; y> oU^!l lift ol l;j • Ji-^l *j J I v*^ 

juZjo jUoLI (5^JI a^i-l uj • *L(dI/ dt) jU»1I j^i-l o)» ' I j^J' 

* * t- * 

IjJU Ijl«ji« UL» jl ' (J-t oJ_j^-3il ■c-»»,.f.,ll (J^- 

L_j*«aJI aiftj . A-^-jII 4-^*-1Hj 0>»-i>-« J^-^l ^Jl j«l J-t^l ^Jl lijV^' 



( HO dt, 

J to 



(13-2) 



Vli i dJi j-j i -L(dl/ dt) c-^ i-5Uj4^l !«iljJl u' ib»2t.' ^ &> * 

. jUII +L(dI/dt) l^ibl, ui»U; ^ N 




oli i Q J jLi^^! Ijyj . I jk+o (5jLJ Q(to) <£~4 tg OjC^I 

L-JLj^SOl 4_*iljJI S^ill o>' 1 -9 uj • J I— ail (iyi~JI JujJ-l ^JUj 

S^jIj (3^! ^ 4 (13-1) JSlUL 4i,t.,v..U a-JL^SU\ s^SIoJJ cjjj^jjSCJ 

8(0 = RI + L^ + ^fldt, (13-3) 
. aj>J Lj-L^I 4_ULdl _ U-ISCJI <h>Lil Jlc" ^Jlj 



Elementary transient behavior LJj^l s^,UI L ^L " 13-4 
jobl! m\J.\ IS^U\ yft b> cJ^, ^11 sju^JI s^Ul i/^LJI 

JSCDI j i^^il ik^JI L-R y» oii-U JL. Jjl 3 . oUUj ,-,C. 

. (13-2) 

: j^ltf S c Uil c (13-3) ^ 

6 = fl/ + L ~ (13-4) 

I jUJI J*£ OL dlljj t loL^I 0_j5C 7-Lail jli. J_i o^tl j ibULI Ja» 

oli J j^l i^jJI ^ U^L; U*^ (13-4) iLULI . L_,L^ 



cJLxSJl jJI Uz* ■ L-R SjJIjJ s^Ul LUi-'il . 13-2 J£i 



^i-i' cujU il^jb IfrU- (j^Slc ^-^^ ' o^Ul*-» 



7«) = -J - Xe-' fi/i , (13-5) 



j ^L*H (jLc li-L» . I cijl— j ci' ' Jr* j jL^jJlJ UjL-. u^-j 



4 - Ke- laRIL = (13-61 

K = e e tomL (13 _ 7) 

it 

/(<) = | [1 - e (t ^ t)RIL ], (13-8) 



(jSCc Sa-i^j (JjUs- Sjlc dULft . (13-3) ijl~JI JSdJI j ^ws_jilj 

L/R v«JI ol ' lAjl ' (13-3) JLJI JS^JIj (13-8) ibUI ^ 

csT) 

^ jU^I jLJI objj f 3^l)l y» ^1 c-jU uU V« = 0.368, 

A_J- o jIjlL. J}U- j j . S/R , ^ j iJl^Jl (j* 0.632 J I yL*a\\ 

Tat 



(jJlj t <c-kJ ^ 0.993 J I J*ai». jLJI <uJi uL» (j»»_>JI ojIj JlUl 

j^lJJ dl/dt jljz^l jIj^^I ol ■ ieVJI 6* 9996 ci'^ k?^" 

^Jl t^L* J* L^jl. e/R Jl^JI jUJI Jl?. (13-3 JCJI) jUI 

o__ft-5' Sijb ii ^jUJI oIjLJlJ 4,1a II JjL-il l^,:,.,^'.'." jjjl i-— "^1 JJIjdl j^SUl 

^jljj J-c iSjLJI ij-Ull J^i^' tjSCr dJ-iSj t ti.il I _ i J>\jl (J j±\ 

lj* J^JLstd (Jvaajl 4jl^: 3 JjLJ.1 ^ ^S" J3j . 4 « „„ 7 < — 4->jLiL» Cj I i 








Time 



. L-R s^U j^UI . 13-3 JSLi 



iL^U^I ibLil . (13-4) J5LDI j ^i>^ y» |^ 1 S ijjlj "kJijj^ 

S = RI + L~ + ^f i 1(f) dt, (13-9) _ 



:JI 



oiU_)J_5 . I ^i^o (3jLo 4jwlil 4J_?«Z. U^SCi U_LLt (j-«_)JI t() J-Lt 



^jJI AZc jic ^Uiil (jlj 4j_jJ«-L« jvp ^^1 4jl_b j ojK Zil ol i_/> Ju 

Ja^-JI J^UzlL t dJi t ii/l. jji U U^j (13-9) <]^L«JLI . t = t 

<J-C J-a^ . ^JfU i~_Jt> S_Ls-lj 3 ^Ij ibUJJ 

d£ dl T d 2 I . I 

dt = R di + L dit + C' ri3 " 10 ) 



SJL^JI s^jljji JAif . R-L-C SjiU s^UI Ll*^."!!! • 13-4 



»- <_ij^jw itaUil oi* JjL» JJ-, ^ omJI^JLI i_jjL-"il 

: L>J 

dS/dt = 0, 



7 = ]A exp 



4L2 J 



+ B exp 



H [ Rt] 



Rt 
2LJ 
(13-11) 



jflla7,„< Ij^Lo (5^ (_£^^-> 1^ ■ I <3_jl— i C jl L ^ U_J^;'^ <jl ^^J"-" 

(13-10) SbUI > LJG; « dlii j-j . (13-11) ibUI j 

. (13-11) itaUJU <Ulc Lf ,la„.; I JJ-I 6 1 ^iJ-lj ' L = i^iJ 



J I j^J- (13-11) ibLil ol» ' "short-circuiting" ^alll 

li*_5 . jjjJ-l J»jj^i -^y lc*->UI (j5lc Of^-i^ uojli £• (13-5) iLLil 

. (13-10) ^Lil Jl (13-9) 



>AJ ' J—^J 1 J-U«J I La j Jii 



3 A ^\fS\ ^ jUtl c (13-11) ibUI Ja- Jl ^ o^lj 

o>£; ol B chilli ol* ' ° ;>■>■ <u-^ Jbj^SCil jLJI <u-i J*J- . B 
t>* op ' t = t G ,j/>>ll -xLt jicl ^Uill jl Uj , A c-jliU <~£jo J r i\ji' 
J I «UI . (t - t ) ^tJI^L dUij t = t G it»JUI o- o-^ 1 crM f^ 1 

oi* oj . i--~>. i!b J^a^J i>~-^l (^JLji-\ jtjJ-l jI^I vj^rj c^js; 

: j^l J I ^ oU^I 

/«) = De-""-'°» 2L sin [^-g (i - <„)] , (13-12) 

j\ 'H^^S dUji jUM lu5^J . COU-I ^..-O Ij^A* LiLi^ Jix D 



(13-13) 

0' 

: Jj^l i si!' r lo^Lj 

Z> = £ (13-14) 
\C 4 ' 

JU^^SOl jLJl v-^-^r; -^-J JJ- 1 O^j 

IT li-i 
u \/.r 4/.->- 



ft-" 1 '-'"' 2'-. 

. (13-5) J£_JL 



4— I 



T<?V 



Siu-j JI_jj Zj*iA\ iJU-l i-S"_jL- 13-5 

Steady-state behavior of a simple series circuit 

(13-1) j v^^' 1 ' ^ c-J-— 

E(0 = G cos ««. (13-1.5) 
t (13-10) jl (13-1) ibUI j £(0 u^>~ ^ 

oi U t>j^) h+jh Uj- £ U1 Jk*^ 1 J 1 ^ 1 ° U 



: U jw, . (13-10) il.Uil 
dfi, , dE a ( r d 2 h. „dh /A ( d 2 I 2 d/ 2 M 

dT ^ J dT = V L dF + /e dT + c y H ■> V L dF + 11 ~dt ^ c) (13-jo) 



Jt'W i^} j^l i^LJiJ-l *l>r^l lijLjj yb ibLil ojub ^istJ - I Jj^JaJI 

I j oji • ^ > J ' ! >^ Jj'^ ^J-^J j-^lj 

L yiJr I T J js-iS'l 0>JI ^ dS^d* £. (13-10) ibUil 



TOA 



f lj*JL.I « (13-10) ikUl JJ- t ^il ^ JLi> aJIjJ jLil\ ,>L1 Jli 



cos (orf -f v j. J 4jU^^I jUtl Jsr^ e 



jl^ftl jUI oU t (13-10) iJaUil j e„e' w 
(^yLdLj . «complex constant» LS^ L>li Jif. I 



jco6 e 



= [-co 2 L + jwfl + ~ 



-[ 



R+iuL+ m 



/<**", 



(13-17) 
(13-18) 



G e ; "' = Z/ e''"' (13-19) 



(13-20a) 



(13-20U) 



X L =*aL L^'sjIj Jl ^ I-jjju Sj'^'j ■ W 5^1^' JLJ-I ^'J 



|Z| = [ft 2 + («L - 1/o-C) 2 ] 1 ' 3 



9 = tan" 



i ^> L - l/ uC\ 



(13-21) 

(13-22) 
3 

(13-23) 



: iJ^I 

/«) = ^« y< "'~". ( 13 " 24a ) 

-^•cos(a)i - 9). (13-24b) 
CUS^j (jry«-« j^-i> (J I jj^wi (jL^iOl j 1 1"J I oj-9 jJuai\ ^j* j£\ CUTIS' liji 

. ih, -It JlyJI 



ol*;^ lilj^'-J J'jJI Jr^y 13-6 
Series and parallel connection of impedances 

4 V , = Z 2 I j V , = Z, I 

j\ JJ-I <Gl_j . V ] + V t = (Z | + Z 2 ) I Uj£-> >£• ijjjillj 

Z = Z, +2 2 +Z 3 + • ■ • (JI^JI J^j) (13-25) 

Z | = R , + jx, o^ lili . jilts' ^ oUo|«il jl iL-^ j^i'l ^ } 

: o]i ' Z 2 = R i + ;'^2 j 
Z = Z, + Z 2 = (ft, + fl 2 ) + + X 2 ). (13-26)- 



Z = |Z|e'', [Z| = [(Ri + # 2 ) 2 + + X 2 ) 



2il/2 



9= tan-'^-t-^ 2 - ( 13 " 27 ) 
/ti r «2 



TV 



. j Zj (ji j I Jill (J-=L=- (3jL-J Z jljij (j I Ja*-"}! 

7, = V/Zu 1 2 = V/Z a , etc. 

/=/, + /, + ... = £ + £ + . .. = f(£ + £ + ...), 



1 = i. + JL + . 

2 Zj 



(<5jl>dl J^j) (13-28) 



J*, j^-i J^U J»J ^-L-Sll U ^ (13-28) } (13-25) oUjUII 
y> of~^ i^Ul . (13-6) JSLHL iludl iJc^C s^jljl j^L , tillj J.* 



i—r-jji a. c. i^iij . 13-6 JSj; 



T-\\ 



Z= R 1+ j i j— • (13-29) 

R 2 + j^L + 1/juC 3 \ 

Z= R 1 + , ^ R ^J"Z- n ( 13 " 30) 
1 + ]coC{Ri + ML) 

„ p , f B . + juDKl - o> 2 LQ - jwfljC] , , 

Z = Ri + (T- a)2LC)2 + W 2«|C2 + J (1 - C02LC)2 + O^fC^ ' 

(13-32) 
■ 



Power and power factors s^aDl J«l>*j SjoSJl 13-7 

j V(t) wulS" I^U . ,^J1 laiu. ctiJi Ok, t (13-7) J5LHU 

complex» 1 v^^ 1 "complex voltage» i_J 3 iJl o^llc I(t) 

. j^sCj ij^l ijjill ' UjL ^ ^ t «eurrent 

/ J in3t = Re I(t) Re 7(0 . (13-33) 




(16-5) jlJI j . (oU: iJ*. ^j) W csl ji ^'-s ^ 



Re (Joe*") Re (tV"') = \ Re (JJTo), (13-34) 



Y„ jl^^l o^l liU . I o J ^Jji\ JiljUl I o o I ^ 



* P = Re /(<) Re = £|/„| |F | cos 6. (13-35) 

jl sin 2 U)« 'L-SJ>\ Ja-^ Ol JJU (13-35) iblnj.1 j owsj J-.LJ.I 

<o j t I ^ I ^ }L U_« Jlc ij _j 1 'Js \ f\2 1 ^ . oi^sJ y> cos 2 co< 

. LjL-ill <JL^4^JI SjjiJI J^U cos J.£ jik, U 

t_j jjo' U IjjlS' jL-^J <L-JyaJJ ilUill pill o' ^ J^' • ojV"-' ik^-^Lj 

: 4_J"^I i_*aJl 

Veff=~|V |, /. f f=^|/ |. (13-36) 

ls j-oj 'Ujlio J^. Li^j'l 4jL L^-J-t J^jji-^I 1-jjjjlxiH ojju i-^jt I (jl 

W 1 -'- ^~kl- >J SjJill 4 i) jljlill ->J— > l^li V e (-j- tf'jljli* _l^>- 

J^aj U-J-Ji3 * J^^nJ—^l dJl*ili (^-^ (*>d^- a • I j '"fl 4^_aJI Aii Ij 

ojj> j' (_5~«-> cJy 1 15 oli <_>jLjJ.r jLJJ a_51j ^^SCll Syjl i>^k?- 

. cJji 1 15 Lajji ill«i <L_Jji oli U ^ U j- 1 



Resonance ct-^' 13-8 

ilb LL-JI iJl^il L-R-C s^'b i~Lr (13-22) "SJ^Ull ^ 
li* . «' = = 1/^' : xj. o^5o' LjJI U^o-i' 1 j ' jj^JJ 

jl j Ull jj _jl . R A»« jiijJ 4j_jl • _ 'lj "ay I jJI 4j>iLf ^-^j -5 J_/iJI 

L5lo'6Cj.l oL^a;!! J jJI dii; _^-5' Jl J\ iy>Lb 



«force-damped oscillators» ijjl^kiVl iJ»Uaiil tf^J-l 

I ^...a..'.! OJu>" I ^La^U l^jyw?- ol~La«^» ^ Jwlfc ■ 03 — 8) 

jl i R j ijjjvii. -\/2 *~^>j4Q\ o^jljJI i*jbr (jp- 



: Uxx. 

»L - = R. (1S-37) 




j i w = WO +'A«, l»AU-J 



I 



1 



tooC 1 r Aoj/ojo 



R. 



(13-38) 



!/LC J (1 -1 Aco/w,,)" 1 S 1 - Aw/<o„ 

2|Aw|/v = : <i* J*** 1 

ft 

y 

2\Aa>\ R 



u w L 



y 

113-39) 



Q = <o„L/« A Q = ^ (13-40) 



4l„^T.U CjUjUII jjiju (jl i Jaii AjUwJJ <L*<9b>- ^y>fJL> Q ijli c <Jj"ill 

JJ dU-Jt oliJJ i.j^U l^-^lJ J^-jl o"5lU» JljJI J* 



ul i«— ill (j g-^L-^sJ I <jl ^JaJ iii ^^Vl 4—ljJI (jj* ' iS <V>r 

. wldi Q (tJL> IfrJlc >i> (13-8) JSCUL 

(J I iiLi] jfci^z <_*^~ i3^^4^-I' jW^' J>k ' »3>»Jt ■ iA j J L«a1c 
4.L..:.„..U Q u -a^j j jiiJI (^-j (13-9) JSClll . Q j joidl 
i)b j^L> i^lj ' co cry J\ oj-> • (13-8) JSlUI j 







T 


Q = 5.2 


2 






<"0 












^2 





i^iy! R-L-C J\y JjJIjJ jyt Ojlj . 13-9 J£i 

11 I ' " ' . ■ ■■ 'I ■ ■■ I.I I 

jj-t 4 1 «- ? ,; : « 4_JL^^ o^lS" l-y.j L ,3 L_^>- i^-j-ij^ o>5Ci J}«JI 



oi* Jl. (13-6) J5CDI j iLJll s^Ul . dUJ^ u o\ 3 ^ cijl^l 

ilL^il J iaj^l (iJJI jj/JI : Litt t co = l/y/LC, : "^jl 

J*U c5-jJI JJjiJI : U15 i (ij^'all L^«-Ji J [ (1 3-31 JitaULL 

^u^J ^jlajij' <u}UJI oljL^-'ill oi* ^ Ji'j . (3jL_j SjjuLlI 

oJoli ji Jj^l jLl^-^l (jls c (J I . ijjuJI J-.U <U-i oii 

tiUij i*^ jUI 1^50: (13-31) iMJI f lj^l_, . jy.^i ^ yu. 

: ^ 4j t ...; , j. I I . Ki = j o>o = 1/VLC. : ^ (j^j^jLiILj i Z 4u>_Ji <_jLjt 



(w = wo)- (13-11) 



jjy ^^73 ^ U-^Jj ' j&\ (J ■ ^a '■' ' ^ju^JI ^>^>* i*jtl/> LllScCj 

I ^^Jj < La cJJJJ 



ojUdl jLJI oJjLdl oUU-l 13-9 

Mutual inductances in a-c circuits 

IjL^i, *JjLji« oIjL# (J^ijJ (jJI i_ijLiil jLjiJI o'^jIj 0;.j^ ti^ 

* Termau, Radio Engineers Handbook, McGraw-Hill, New York, 1943. 



j i^ll i_._jL.Sl I <> dJJiS' j^_Jj u^il ^JL_*£JI ^yijJI J 

iJLlI ibLdl iJUl J* iJVjdJ M,-j >JI i^__ . oUlsLI oLlI ,k,_, 

. jj I jJI 

iJUl oU j <JL_ /4 SCJI i«itjjl oyiJl (_LaiJI j L__> Oil 

^^-r^ Jj'^ 1 oW J J^^l jLj:J\ ^ ^ i^Ulj iJLJl 

: v"^"' 

6 2 = M 21 ^ • (13-42) 

: (_La5wJ 4^ jl\ jytjJl f J_»-L_j i»___M CjI jL^iij 

S 2 = jo^i/iDe'"' (13-43) 

ji 

S 2 = ycoM 21 / t . (13-44) 

(JSlZo 62 oji^-j j<j Ja'.'.» dUi Ju-C-j 4 4-^>-^* 4^5' M 2| j-*^ u- Jui*m>< lei J 

(13-44) ibUI j ±M 21 >^)L M 2 i Jj : . ti>l oy£._, . ^ 
aJjLl. Aij Z 2 j Z j oLj^l ^4_J e~_- < (13-10) JSClll j 



/>2 



Af 1: 



/ 2 w 



iljUu J*~— ' . 13-10 J£_i 



T"\V 



. cJjJI j c^r>* u'-^ ui-^' J^-DI J *-rr4' *l->>-JI 

(J-c^l * — o_LH ij iiiil iLjJ^iJI op / _j 4 tj l^Jj i>*j J-* L^=r>" 

ij^jii UUt-jlj . t J (yj^\ ->-^t L.=r>* (j-c^l >_AJl»D j^. j "ill cJ jJaJI 

: 0>SO (J-c^l "4-^^' itaUil Ci\i ' <-»y£j& 

ZJ, +jo>L l I l + jcoM 12 I 2 = S. (13-45) 

. (IjR) J i^-jk oLsil Jx-Sll ^1 j i^Jy 

0j£> S-jLUI SJjLII 

juM l2 h +Z 2 I 2 + jo>L 2 I 2 = S, (13-46) 



i jbl JjSlI £>JI ibl^ j ^Jii Ol M 12 tDi Cr° 

(13-46) j (1.3-45) ^ol^JJ j^l JJ-'l". jUI ^>JI ibL, j M 2! 
j _ £ Z 2 + josL 2 — j uM 12 



(Zj + jwL 1 )(Z 2 + jwL 2 ) + co2Mf 2 ' 
2 (Z, + jtoL,) (Z 2 + iwL 2 ) + a>2M f 2 ' 

: I, + 1 2 J&l jUJI oat ^Ul jl^j 



jO^aLl iLadl Ajij^l ^^JuL. ji. ojLfc ibLJJ ^ 0* 6 ^' <-i ^Ul J J< [ju> oj 

i^^l jl JJ.I ^ ^[3 '\ ji^o ^jL-, M| 2 otf lil* .[(13-10) JSllJL 



. M 12 col; ixJiJLI 
d«l_J J^J o-* Sj-^J-N Ori ( 1 3 - 11 ) J£ — SJI 

: J* c (13-46) j (13-45) ^^oUil j M 12 

(Z X + jaL l )I l -jwM l2 I 2 = £, ] 

> (13-49, 
-;coM 12 /i + (Z 2 + jo>L 2 )I 2 = S.J 




. (13-10) JSjJU SJH^II S^IjJJ UaUU iiW 5jU ^ j* ifUt i^ljJI . 13-11 JSCi 



: inJlJll ^1 f ,_yi_5 t 1 2 j I] o^f 4-l>«— 

7 _ (Zi + jcttLi)(g« + juLa) + v .x 
*' ~ Zr+ juLx +Z 2 + jo>L 2 + 2juM l2 ' KL * ° ' 

. ii>LJI ilLsJU hjL~A hu\i\ o\* I jj-o ibUll ijLil u>5C; Ljj_p 

juIjJ yu^S AjjLII M 12 Z ab j M 12 J 5^-^ i*Jl! Z ab Oo ii'VII 

ijl L» ^i^. LuiCJj . L ii» jiijj «parameter» i*jJ> J* 

. yuA] 4jjLJ.I M [ 2 i*JiJ Z ab <y> j^o\ /\ jS\ Z ab 



i^LUI ibLdl SiUM s>rl ,Ji«i v-wV s^UI (13-12) JSdJI Jix 
L 2 j L, . ls^LUI oiLllj JIjCj^I <_iUI ^.jli. R 2 j R j • jj 

^ J5^J! j I 2 e Jwt » I , c '"" ^.j^ 1 > '^p • J Ij^I c_^UI 



= 7 2 fi 2 + jaL 2 I 2 + JojM/i + 7 2 Z L 



(13-51) 




M 



Dyll . 13-12 J£i 



/1 = 



Zl + R2 + joiL 2 



(Ri + juLMZ L + R 2 + jo>L 2 ) + U »M» £ °' 



{R x + juL{){Z L + R 2 + j<*L 2 ) + oj2M2 £ °- J 



> (13-52) 



. (13-12) 

: oLiu'il i3 L^i j>L«JL1 il^o c~~j- 



TV. 



V L = a£ , I 2 = - , 
a 



(13-53) 



iilS" ujj ' Z L i^jJyJI JjLi V L j jjjiJI ju^j *i o-jU a 

oUJ ^ rJ ^l J^l .(13-12) J50JL ^ j^V- oLJOl 

y» (13-53) y^UI v. LjUI ibUil 

Zt + fl 2 + jo>L 2 

= a > ( 13 " 54 ) 

OK Ijl U» J^L*^ OjjJo Jp^JI liftj 

coL 2 » |Z L + fl 2 |. 

is^Ui jj^: iui^ii ±> 3j j3\ jUi] u_sCfj 

Fl/£o = a.* 

oil . jojUJ (3_u J^U- JajjvJjl ei* j^. 4Jl»£ o^J^ ->-=r>> Ji 



/ 2 = 


- ^1, 


Ft = 




a 


So 




_ 2/- 


/i 


a2/ 2 


a2 ' 



(13-55) 



J,^ i-L^ iW J~; iJ^I ol (13-55) s^V. iT>UI 

t>jjULu a^-jjj u N,/N, ol Oh-J a;-^' ^jUiJ d^J. . a : 



Mesh and nodal equations ojuuJIj SSLill o'ijU* 13-10 

j J 3 y i\ i Cr^. '-V*^ j^^l vjL^' ^'j^ t>* 

Guillemin, foe <•»<.. Chaptor VIII. j j^,^, y^i jj, » 



IjiA ^yii 4 JjLJ.1 l^uu Ijv^" ■■la.,i.j it^LLI AjijjiaJl jLlp- 1 tj\£ U_j . 4JL-JI_) 

. Ia^» (j<Jjaj jiaJI . L'_. J 1 

I3 j 1 2 j Ij oljUJI l^JU Oj^l jiij olS^L-i. o^Ij (13-13) 

J^Zs + Z«) -7 2 Z 4 -/sZ3 = 6, 

-7^4 +7 2 (Z, + Z 2 + Z 4 ) -/aZ« =0, 

-ZiZ, -7 2 Z 2 +h(Z 2 +Z 3 +Z s ) = 0. 

(13-56) 




. VJ Uill jLJl ^Ijj J iSLiJI JJl* (IjalJ J£dl jvijj . 13-13 J£a 



Jj^l aSL^DI j t isH j Sj^iil oli^Ul j ^Ul oljbl 

o^jL* J»- UjXj: . U^U- I j oLjw oL^^ Li'L* Z 4 J^U- I 2 ' 
jjjli. J_t J-^J obail fljc*I~lj iiUij aI^- iu^Jaj (13-56) ii^UJI 



Zijlj = 8,- (t = 1, 2, ... , n) (13-57) 

3—1 

ibUl o i» J . [ n = 3 (13-13) JS^JL iJL^I ^ijj] 

o^UI . (13-14) J^JL ^ lul5 JWj 

7j(Z, + Z 2 ) + I 2 Z 2 = G„ 

(13-58) 

+ ^aC^S + Z3) — ^2- 



oHjU fio^-i jlii jvJj,;- . 13-14 J£i 



LjUlcI_, 4 «phase» J} ^}\ ^ j 61 3 s 2 o'i c$I ju^ "i! 

iJ^lS" U^C < lift 

£1 = |S I0 |e y -' 

£ 2 = |e 20 |e , ' < -'+" 3 
. i^JI i£~JI ^'jLy J ' i-~JL> oUl/^l jjjJ-j t = iWJI j i Jl 

J I J jj r-' . LV .,.. aJL-JLI jl t 3 ' " J^*^ Jh' " v'^'-"^ 1 '' 

JS" J,;.,'7j (3>-^'l J-t Ifiljij-I -u^"i' ,>JL_. «superposition» <_i"l> 

. ( JL»- I j y_J J*- I j J j}y ^f. \^ 



TVT 



* If 

ioiloJI S^ilJ ^ 4-1»jJI cjloJ^i! (jU iil!JJ_j . <Jl>-Ij 

(13-15) JSLDL 1/ ' Z j iJ^-lj i-Jlf £. J lyJI Jxj e(<) iJl ^SCJI 

t "i' j I : o L>- 1.'.'-.-.'.... I o jjij ^ j ji- 1 ^X-f j • Z ^ o j I JjLo ^y?" j L>- J-?- J I I J» _jj y 

j»jtill Ljl— * Zj ^» sjJ-l ^yT3 ' i_s"-V I J* j • Z[ = Zj 

(J/jjLjl« ioljJI jj-t ol-i-UI oUjfi-' oyS; u'j ' Z^ ^ 

lSjI^I (J-c- J-^jj 7(0 = £(t)/Z,- <CU-J> jLj j,*^-^ f>«j jLJ «ii ^ 
J (13- 15)J5LlJL^iliJl^]l s^'l yl5CJIIjL*j iJ^ljJI i^gil 

^UI ^ ylS^JI Ij* oU ^Cil v.. . (13-16) JiCUL iujl s^UI 

Jajjj ^ys~ (3*^ I (t) ojljJL> IjLj 'j^r: J till jl~JI -J^ o I jji ^i-j t aJ_ ^ ,.. i 



Zi 



Zl 



13-15 J£iJl ^il i-JjiJI oJ^ *Jl£, >3jJI « jUI jJj* » • 13-16 J£i 



^IL:, sj^JI o^U* . (13-17) J5CUL i±A\ s^UI Ji^ soiJI 

jjLxJIj . ijJLt jji" jj-ixL! Ij_jL— « <LJl) ^^jSlil oIjLjJJ t5jyM ^j*^ C>\ 

^51; 1 o jJLmJ 1 




o 



3 LJJ „.l_n ^Ijj ;jiJi ^ ii> . 13-17 jsa 



/m _ Zl + Il_IlZ2 , (13-59) 



: jLJI 2 



TV J 



la* ^ JjJJ- iut^u JS\ OjSCj iaj^il *- r , >)i? ^L»£JI o' Lu5Cx 

t Y \j»-jj> jj «admittance» i^Lil ^1 ^£1* J-& J^;.j • 

^ <J I^JI iJU- j ^.ju ^ j 4 (ijl>iJI iJU- j oULil ^ . Y = 1 / Z 
: J^K **UI itt-u (13-60) 3 (13-59) oU^UI ^ . ol^LH! 

/(<) = (y, + F 2 )F, - Y 2 V 2 , 

(13-61) 

= -y 2 K, + (Y 2 + Y 3 + Y,)V 2 , 

•V 2J V, 

j^JL s-^UI oJi, saiJI o^V^ . (13-18) J5CUL i^il i^^ 1 

/, = y.y, + y 2 (F! - V 2 ) + Y i (V 1 - V 3 ), 
= Y 2 (V 2 - Vi) + Y 3 V 2 + Y,(V 2 - V 3 ), (13-62) 
l 2 = Y 6 V 3 + Y S (V 3 - V 2 ) + Y<(V 3 - V,). 




ilidJ oUjgjj Jpi Lki 13-11 
Driving point and transfer impedances 

<Jl>j^ iSLjii 4JJL1J.I oLj^lj JjlJI 4_klJ 4la . ,„i «.lkcl JjLsC— 

oUJJa^ail si* o^f tiUjj ' "four-terminal network" iiujl (Jl J,\ oli 
t <Jlji»l ijyjl oli iSCJi- . i^oiil Jllj j 3jiSl> jjjU 

4 3 ^>J''_5 iSLlii "input" J^-Jl ^^ku 2 1 ^>JI J~r I 

ji 6 iJlj^SJl ioljjl ijlli jiy. Jajj liU . "output" ^yil (jJaij 

Z L i^j^l cJajj dUiSJ 2 j 1 ^JaJI Zj IajIjuu aJl»-Ij i^L: 
Zj J 1 1 jLJI o^-i t (13-19) J5LUI l/j ( 4 3 i>i>JI 

: ojfc Z D Jjilll ikij i«J Ur jU IJJ . Z L j I L jLjJIj 



(13-63) 

0_jSJ iLsjuil ijiJ^lj 
(13-64) 




ii^'l i.tl.j . 13-19 J£_: 



. iSC_DJ J>UI ^liJCM 

v»^ ? : a^u-Oi jii ji Ss ^ uuii s i* ji. 

ylj (Guillemin) ^LS' Jit -wjuJI ^_~iCJl : iJl^SUl 

. f-^-ijil li* J— cLu' IjjJ l^JI t-^j- jJI ^yi— ~j iljjJ-l ^5L'I 



rvv 



«U 13-1 

s^UI j (dl/dt) jLJI jyj Jjk^j jL^JI . ^-b^ ^.j 5 volt ijjLL. 

(-j-) ^ 1 sec. (o) 3 0.3 sec. (\) : ^cA\ i-j^l ob^l 

. 4 sec. 

iS j-^> £ o ^jL^j R i-'j^j i>* ^^^4^ o^'- 5 13-2 

^v-jJl jlLc U > ^. 0^ S^IjJI 7-bw . I=WR » j-u oj12 jL>' W 
oolS" lili . electric arc Lr y cjjjis- bw— • i t=0 

. (k< So) c^l: jloi. k ' k/ I b*S0l Jlx Jl^£!l ^r^l i*/a^ 

b,b)l *bbJI i^iJIL. . iJlj J L ^SUl ^1 J^- jUl jbdl -t^l 

I J U . ^biU j< (J I I jj-i- Eo Aj jLLu j R i<3 U-«_j C 4j — L« cJaj j • 13 — 3 

J-t Q ib>bJI ^ ^Jl i^LibJI ibblt i t=0 ^Ji jj^ 7-Liil Jltl 

C 13-4 
^aJI ^ Jil R 2 -4L/C bXll lilL. j^kI t J_JJ-I ^ ibb* 

. oJjj-UI aJ^L-ALI 4JU- oJll!ij jJ~\ iJ^Lail iJU- jUlj ii-jil Ajf-Uaii 

j b~il R-L-C Is-yjt- «shunt» <,^y*-*£ C 13-5 
. C = 1 0// f j C= 100/if j L= 1 H j R= 100 ohm. (13-1) J5^JI 
. f= 1 4 cycles / sec J I ^Ji ^ ^ JJ\ iZli^^J LL Lk^ ^1 

j-. (3j'>-JI J-t L ijUj R k^jli. ^ ij^l (J I yjl 13-6 

. A^-i 1 jii R 2 = L/C 

90.00 ohms >lJLI jLJJ aj 0> ^L cilU 13-7 

Ji^^lL jlj JJi;^ ^^yji^^j'yjl JtSju-^»c-*Jj_jS'1000 cycles / sec 
■ o^j'uil j olo^l ojJj 1 000 cycles /sec jj^I ^j^JI 



tva 



'isLo\ J-i A_ii cJli" If Jil j^JaJI ijj'j "-"—^ j^u t_$JJ I jjjiJI (_$Ju. U 

? will 

ijulf ^ J lyJI J.i Zj 4_J.^-lj iojLf ji v-jjLjLa jL_i '^j Jaj j 13-8 

. Z ^ — Z j ij j5Cj L» 

j L = 4mH t (13-6) j£UL SJl^l s^'UI j 13-9 

'* — i — j =>-_,! . R 2 = 40ohms R , =25 ohms } C = 2^f 

L~*-J j (>_,) j 1 /\ l.C l ^ (I) : o'^/jl' 

<LJ»i ^ jyLJI j R ] J}U- jUI jL-JI OjSL L^Lt ( ) _j ijij.^ll 

LI j.i l^x >~*-JI ^LaaJI J ii jA\ Q i~*So'i jl ~v^> « 13-10 

J-i_il JLjl is\s.~i ji^r ) hi-fi JjysJ iSLi 13-11 

r ">L_l ii^s-J ^ ^ ^*JI . «amplifier» iL^ j. ( R 

^ jr . ^jj oj^i <ji,^sai iSLJi ^ ( 13-20) jsciji 




13-20 ^ 



TV<\ 



R J ;LL** l^Jii C j L ex 'L^\j J\ H%S\ jl^j! (I) 

. Objjlll A3 ISCJ ■piwiJJ (R ejoi) ^ ^jli. J*- <i^> iSw>JI 

j R ^ C j L j^-jl . i^-Ail J-i ^ sj^i SjjuJl 

liUij 100 volts 8J ji <i>J Sijl cu^i 1 /if Ui*. iu-i. . 13-12 

jJai i_i*aj ji (J^~^ ijjj^' i aiil . ii) 300 o£~* (J"^*" ^3 L ^' u 

iJlyo Sy-ti li^j 4 cm 2 (3 jLj AjJai. ia-L^j 20 cm (JjL.; 

3jL^ '^UJl ul^uJI J*»l • 2mm ( 10-15 jkjl 

^jU JUAI j J^U-I pJl) «fringing» jylij ^^Lill ciUJI 

j_j>LI oiiil tJuJ «relative permeability» — Jl ijiyiJI >Lcl 

. 5000 ajjL- «toroid» 

j-frf=10 6 /^ cycle/ sec zzj ji 1 volt aj aS jl^ J^i J*L .13-13 
i*jU j^iUJ ibLJl iJUJI J cJ* lili .13 -21 J£i!L i^JI S jSIjJI 



14,000 n 



6ooo a 



5 mli 
.000000. 






000000" 

1 mh 





M = 2 mh 



13-21 JSL: 



TA. 



oUUI joc *-y^>) 60 cycle/ sec uJL> J»jJ ijji aJ^js . 13-14 
Ujai _^JU jLJl) 100H Ujoi i-JljujI iJLst oli (2:1 

. Ljju cijLj ci^UJIj j Ijuj^I yvilll c# jr'j-^j^' <J-l« . 20ohms 
j jLJI 4 lOOOvolts J>j JIjuj^I t_iUI lili 

Ljux. (o) . (i^UI <_ilil S^Ij Ujilc (l) ijl-Cj^l uiiil 

. 20 ohms Ujos Jj- i*_)Uu i^UI s^ilJ! 

j 1/ Uyl ililiL. oliU iUU oL-JU tt.^ . 13-15 

:ii*>-}L) . i._jJidl oJuL yu^JI objjJ j»- jl .(13-22) JSCiJ! 

. ( Jala Hjil <*iLl* i»- 




« (13-14) J5^JL cil iJl^l SjSUI j . 13-16 

«5« = 2 VOltS j Si =10 VOltS j KJi j oU^ll oU> J CU* liU 

I 2 J * 1 

. (13-17) JSLUL ILJll v^^JI 5 ^iljJI j .13-17 
7(0 - he"" 

iju i.jls- z 2 . u-J^I J* 60 ohms j 40 ohms l^lj -. 



j^t oLJy j^jl . 1 2 = 25 amp 3 I , = 5 amp 20ohms 

. Ah'i Ml J I i, JL 2 j 1 JyViaS/.H 



PHYSICS OF PLASMAS 



i ol jL") ai* «charge cafriers» 4~**DI o^LU- iS'^J < dUi 

si 

| i h« » <_~=*Jr t --*^' '^y^v l ^ .c. a j ^jy j L«J I j 'Cjt^JI oliUl^- 

JUI ^ 4-JU- iijli jJ»L* ^ jjj^Sli'i! . JUI Oljyt (_y. jlijl 

i^lllj « negative space charge» iJLJI ijjil l~_o 

<Uj>«ji!S ^^iLL* jj-t J^Lt I ij i UjliLJI Lj jJLj Ajjlyn* 4_j-^il 

. «sheaths» ^1 Uj^JI j^j^ jur. c^iJI JUI ^JpL. j! Ajj^lil 

jiS jot J* cS-U I (j;.Uil jUI oj '• <J>iS ijl U^j; ^jlSC 

t - 9 ^'-° ' ^JVj^ V**' l5 >=" ' J!_ji»l £• 4jjU_« iijyw; iiL^ 



t T. T.angmuir, Phynind Rtrinv 33, '.ir, i , > 



ijU oUj^Vlg- lko> Uj^LJlj jyft f L^l 6^ -(14-1 

iXUI *L>iJI j JS'LL. flsA^I dUi . ( «electric flames» 
o^teL*) iojlji-! o^UUil j d_yUI J5"LL.j ? ^U.-ll 

. «fusion reactors» * ( ^Ljj^l 

J I U_. I . ^lostl-l (3j_j_^JiJI 0^~> <iUi • i^aJU- i^-^ 

oUjj^l ^yo^j . «kinetic theory» IS <jji>-Jl> U^LL^I *Jlc 

,jJI oVU-l «.L_Ll»L t ajUJL! l^ia- 0>SCj L.^*c t^SDj < Lj^LlI L l5'Lli 

£*aU- jL£ j oU-J-l £jj>> J*-^J ^r*^" ij^jtlil oU-J-l i_ru 

■ Ixj>- cjj^j>II j^c^fwJI jJj^-^L — Cj\-*j^y. gjy^ 

N 3 (v) dv x dv v dv. = N oj (^f) 312 e- m ^ l2kT dv z dv y dv z , 

_5 4 Lj}UI j ^*J-\ Sop-_jJ j £_jJI <y oU-J-l jj^. JJU ^Voy Ol <-^r»- 
T j j «>jJI ^ oUJ-l iL5" JlH m p j ic jvJI oLi'^ Jlx ; ^Jl . . . . 4 v * 
'i-S J-\ olijl O^ 1 O** (J^Wj • iJiiUI 5jl>l ^rj^ J-^ 

^JU; jJI 4 «orbit theory» jIjII L^JiJ ^ iJUJI iaj^JaJlj 
^ U l iJU^S' o^Uf j ( cjUj_/£JIj oljjjl) oW-i-l a^>^ 

oU4-l c^; oU^UJI c^Jb'i Uazt Uj^JI j J~ j^ 1 

* See, for example, Lyman Spitzer, physics of Fully Ionized Gases, Interscience, 
New York (1956), and Amasa Bishop, Project She>~-r"-i~The U. S. Program in 
Controlled Fusion, Addison-Wesley Publishing f.V. inc., Reading, Mass. (1958). 

TAi 



oloLaJI jot ii-U-" t j^Uil ^ JdjjJ^\ oift OJ^ . jljJJ oJftJil jUj'ill 

JUI J*=r J_p- iJlj^l iiSC^il _>5joj . «perturbation» ol^ia^K 
p p p * 

ol . (ij^"l CjIjLju jl . 4 ,i. rt'i ULmLlLo ^csj^ail ^^JjUj^. j 

. JjjIjJLI oUJ-l p^UI JUlj ^ jlil JUI JUI 
5 J-l «JL1 of J4I cyj • «fl u i £l motion» «_ 51^11 a—S' J~ 4_X_>»^L_SCil 

UjLLc- Lo ^JL> Jjo j 

ij i^il <L)jLjidiJI oliLdl J I jJU oloUiiLI ^i-l jLJ.1 Ja—^i^ 

<LLsLi oJLj>- ikij J^£j i^-wJaUi^jjJblil oj^-rfJl . Lj^AJI <U^ixL» 

. Uj^LII oLJuJu (if t L)%}\ j oU-^JJ a^IjJ-I iS'jJ-l 

lift jUaj £J^- <y ^O^M' JjL~» la-JjJI i^jil LjJiJI Ia> jl> ij\ 

p p 

o^-^j jSj . ( +e ) ^LstUI ioU 1 i~r>« oU^jlj ( — e 2Lj*£. ) oli jJ^Jl 
» *• p 

Solc-lj iJ^jj^l ololvajJI Jl- 4 CjI ,).. Sim JU^: <_5_^« LuxJj ( Usui i!jt«JL« olji 

cu^ LjiUI o-J-^ ' (14-7) xlJI j (i>f s^j « (14-1) jllJI j 
< pJr\ iS"^ (14-3) j (14-2) oi-^l J ' c5>-f i^r o"J 

(J I (14-4) i^J-JI j ^JLwL- • jljJLI 4j ^Jii o^Si 

jU»J J^U ^ <iU3 <i yi- <J>-j t L.j^LJU iX^ljJI ^*Uil ,Ja*j (14-6) 



UJ5UI j JL^I JjUI 14-1 
Electrical neutrality in a plasma. 

^ JS'^^l iyg.\ i^jf^ UUI 4,^1 ij^JJI ujljj J| 

Ciji ^ ^1 i^J| oUUS" j J^l yjlyJI j^y., 6lj ^j, 

U«jj4^J I ii^JI oLti to U 



Ijo U ^ l» j^LJ 1 v h c- ^ I 1 i_^tjJr C-*-^- i la ■* ' ci^*- ^jj^" 1 

. JUI 

Jj- 1 J +Q Lttjji AjJ^ 'Cjti. ^Jo jil i 4j 1*1! I la . ... i ^Ll« ,j- jJ-J 

+Q oj ' j ■ jij/ ^ ' 

1 Ltj^AJI ^y. ij^jtlil j^-il i^oLu' (iJJjj L^j-ii JjL«-1j' 

ii'LkJl i-^-U ^ ii^u <UU- 1 Ji^ olj jj^SC!")!! oli i 4_ij oi^JI j j . (_yj-!l 

iU-l iJt^l oU c ( 5-3 _CJI Ja^) ojl>-JI — i . 

J^l»-» ^> <L__Lz» o^-> W Ujji i^li" iiU» oli a a Ja : ^ j 

. exp(-W/ ki) o\*py. 

.V. = .Vo cxp (e ' ( 14-1 ) 

iilSJl Jli N . 6L-^J>> c^U Ji? k iiliil Uj^JI o-jj 
jli t U Q J^L. J i^il oUjj^I ii-iS' UjI Jii N oolS" lij 

.V.- = -V exp (-« ' ") ■ (14-2) 

«Poisson's equation» t>" ^ 

('"£')- -i«.v..-.v„.,^, ll ,(.!-^). «,„», 



I y 3 . loot l^LLC ^ i iJai. jji. iJuiU: SJjU^ Jii ibHI oi* 

oU-jjD LlJo ^Jl^ t (14-3a) ibUJJ JJ-I oji < ti>l i^r 

> eU, 
sinh (ef,yW) « cf ViT, 



r 2 rfr V rfr / - (U ~ L o) ' (14-3b) 



tilo ^ iiU. Jl£ h j i +Q Ajj^lil 4^1)1 v, iiLil L* r Jli 
: iJ^I ii^L. slk«ll «Debye shielding distance» 

• h ^jifl. j jail 4iL~£_j 

ijjlio ljy>-^> 1 ht csl;-> J_ji> u^L" jj Uj^jUl i^l jUJI (J-i-ia-> 

t N Q = 10 18 electrons i on s/ m 3 5 T = 2000 °K jll* « 

. '\ju. 2.2 x 10 ~ 6 tiL^ J> o^s; 



UJ5UI J <Jl>'!ll i$>j ^-J-t oljlj^ 14-2 
Particle orbits and drift motion in a plasma 

TAV 



F = 9 (E + v X B). 



(14-6) 



(j-J^II uLXJI Ajjii- i^i ^ JJij (J^U C-^-> (Ja^ Uji^LlI 

uljji i_~~> ojUI JUl ol* ' c5>l *<p- ^ ■ JUl ^ Uj^UJ 



. E = , p.fe.iu (^JjLiu, : (J3*5fl ilU-l 

J£LiJ Ip^jSUj « (8-1) jt^iJI ij e-i*oj (jjJI ii" ^pJJ o 2JU-I oJa 
J ;*™" j La L>iL,u» L»l» t Lj^UI j Ij^*j j^l ^jj'-^ >^ oj^UJI 

. uj^L^JIj ojj^LJ^ "particle accelerators" oUJ-l 
oU-J-l <c Itb "Lorentz force" jii^J Sy 

K = ^TOpP 2 = constant, (14-7) 

: oji • JUL; V ol U • B (ijj-x ci>^~» j *± j B J 

#11 = bm p vf\ 

#± = im p vl = K — K\\ (14-8) 
. iS jsJJ c-jL* Lllc dJiS" U3& 



ijj 4 



qv±B 



m p v\ 



qB 



(14-9) 



"Larmor radius" j^.j'i ^Li ^1 R ^kiJI i, J* ^Lk> SiU, 
jl-u J ^ ^JJ hj\i a5" o_jafclil ( ,«— aJL) JLlSOl iS^J-l . jp-lsJJ 

iatUI LJ^JI Jtf>l . ^^-jiLill JU! J> J* t "guiding center" 

. (14-1) JSCUL 




,Jiii* .j-JjLJL* JU j tf^ . 14-1 J£i 



m = current X area 



l^lj c ir J,Uill JUI »J.\ jL^ =UU m ol (14-1) JS^JI 

. t ^ r J>Li-.Uj Jii l-v. 



■ ° ■ ; "drift" <_s aJUI ijjJ-l oLj«-UIj i~r>ll oL^UI 
: J^K v (^-J- 1 ic^- jl \1%> j^SCj jj'j . oLf^l 

y==u rf -fv'; (14-H) 

: j V.S (14-6) ibUI — ^ < 
F = 9 (E -f u d X B f v' X B). (14-12) 

u, E ;;, B - (i4-i3) 

iJU-l J (3jJI ^-C -k_aJlj - Qv'XB . oyiJI y ^yi—lH » _>J- 1 

. (14-2) LClll 

TV 



. iitif 4_JIXjI f>»v ^j'i ^— *— i^Ud >^^>!' J^Ll!' J;-^ ' ^— 



UjVJI ^J- ^1 (14-1.1) ibUL OyJI Uj ii^JI ^Lk, 

electric drift» iJL^jS3i ijl ks.^ } \ «plasma drift velocity» 
} \ azJUS" 3I J.i juZjJ'i u d j 1 iSas-V ^ . « velocity 



^ (14-13) 



v j l u d ^JyJI 



. ( cy^l \ ) C 

j J O *Xj 4-*^ x-^ 

(14-1 1) ibUil ji 3 ^ . o>i 



L.I ^ (14-11) iJy^il jij 

3 . «Lorentz trans formation » 

lib ^ 'is. j^. 



E < r B 

:E, > f B 



>a C iBI J 1 >„yu» X'j IK I Jj&i w^t iJJ.' ii'-i «b> i-,' 

: iJ^'l ii_a!'w ^ iod 1 t.iii 1 J Sji." JJj • ( 14-13 iJ jUi' ) 



F' - ij[v' x b: 



T<\\ 



.E = 

(_$-iJlj . Ljjj"-> (_g~_i' Ll«.^ cJL* y*^ U^st^« U^r u^ 5 ^**^ 

. (14-1) JSCUI j ^^11 ^Jl 

s (14-3) j i^^il iS^I dU; L.jb- <J I a^' ~*£ J-\ ooa 
JLf oli L jJ»L^« J^-Ij £—4-' j-*- 3 Jj^ °y i>* ii»L-tJ *(ijUll 

ibUJJ z Ji^Lj . z (ylja-^l «azimuthal symmetry» 

: jai t (14-6) 

f,= m,^= (14-14) 




: aJU.1 8 JuL < jl 



(14-15) 

: (14-14) SLUil j oUjjy>JI oJ* >\yr\>} 
as, 

= -»ar' (14-ic) 
. (14-10) ibldl r lj^l J^U- ^ SjyJ-'Sl ii--JI oj^j jJ 

: ^^So ji LiCJj 4 JUii' AT,, Hj t U olS c—J t (14-8) ibUI j 



^ (i«p"ii) = J (X - * ±) 

dKj. 

dt 

= - | («)?,), (14-17) 



. i^r ^ . (14-10) ibUI ^ S^^l ii~^l jU 

j v n = a«/at _, (14-16) iJjU.il 



dB, 

= -m- 5r , (14-18) 



0^ m"^-J.Lill r >JI ji ^i^- (14-18) iJjUilj (14-17) iJjU.il 



T<\T 



(14-18) ibLil 



J- 1 jl 



^ . a. 



2 2 

m p v± 



(14-19) 



(14-4) JSCJI J UaJa* ^-J-l ^Laj X: 3 . Ltt HI ^C< 




;-o . 14-4 



14-16 ibUi! 5 gl 



21 *> ! 

; ..." in, 



.1! , 



j~ J — 1 



li JUL, . JU 



3 L^-a 



i_i j_ ^ i-l jU . Li 15". ^j—JsL.!! JUU ^jliu JLT IjU . r_ 'is. ^wJJ 

J o ,_5L»_L; J ■ l-^r V i-^ijA^ ^ J 0' jj-^> <^ >=«^ 

. ^^'i'l JUI jJ=l^ a^Ij oLkil ^ 



Magnetic mirrors l..,„ Uj.ll 14- 

^ ^ ^jlio ^jjl ^Ull JUI J ^Ul x-JI joUj 

J Li I oLil J-C iiU LIj-Vjj ^ijj'j Oljljj: O'ic — ^j^j'jtL j^L-jl y^j- 

^j_SC«_o I I _a . -y jl I J Li I o I J j-b O ^ i- I LL> LjLi j ; ' 

5 I jX I I J I jt«iJ -C_i> i o OA > jLL« ^j-t jJ-Liu • J Li_i ' J Li- I J» 4_k_ I 

(14-5) JSUlj . Lj^LJI 




Jjcs- i^Lc *ij . i\ j[\ ik-l^j olo-J-l iilS" j^aa- t j£f "il 

i»U» dkx ~J-I liU • L'^ err 1 y 5 ^ ( B m ) 5 U> 

^ * " " " 

oi (14-10) <J^UJJ \Zj J~\ ooU t ^-J»Ull r >JI ol If 



Kpi. _ K\i. 

« (14-5) Ji^JI j o^il Ij-jS iakdl <J I UiJI Sjli-Jll >y 

^ ^1 B m sT jil JU Oj^o ul £-4-1 cr 1 ^ 1 • 

: yl J\ « B, 

^M>|o. (i 4 -20a) 

A Dm 

f'oi = t'o sin O 3 ! 'oll = t'o cos 8 



: J'^l Jl (14-20a) ibUil J UL j 

(14-20b) 



sin 2 $ t) > 5— 



6" j< Jil ijjlj 9- oli O^So (jJI oU_J-l jli ' ,y jil 

. ^^kdl ^ c-ii.' JUI Uj 



uli IJy-j . "isotropic velocity distribution" o\J-"i\ iSjl^ ,y- j~ 

y^. i~« U : . ,j j| ^al-<L ^^kl«J oljwJ-l ij\ ^> oloLalU <LiUoJI ^jt^zJI 

. o^l f JUI oUj J* *2l» liljjj jll^l dUiS" 

The hydromagnetic equations iu_-JjLju>jjJuLil o^jUII 14-4 

icL^JI dUij (3jI J£1j ol<w^JJ watiil olS^J-l iJ-U^ ,^50; 

. Lj^UI vJuJJj "pinch effect" "^JuJI s ^.Lb" JL. c < s ^U, JJ jblAI 

. £^>lj J^Llj 4.... „ .,, J^ Ujuo j ^^^J I (5><iJI jLlc^l jJa ■' t i^-^l jyuj 

F, = J X B - grad p, (14-21) 
J-JS oij . "fluid pressure" jJlil Jai^» P j jUjJI iiLS' J JJU <ju~*- 

dlL* Jl»J |J . UjMJI j ^^idl JL^UI Jil*lll i_~~Jj . Ja^^jJI <>>) 

( jJJLj . (14-21) ibui j Sydi ci >Sll j,jJ.I ^ pE jj-l J^J i^U 

= J X B — grad p, (14-22) 
^ • jflcU "Euler equation" j! tf>l JlH ^Jl_, 



jS^ (v. grad) v j.^ ^f^\ j±\ ; ij^S o_J iX^l^j^lil 

ajI > (14-21) y.LUJ JxB ^1 ^ J omi ^ j ^ 
^1 ^ . "magnetic pressure" " (# _J=L^li J^|" ^ Uj^ 
i^JI jaJI_, < (10-29) iLUil i ^ s^'UI Ur U s^Lx dUi 

curiB M( J, (i-i-23) 

: i^al/'iil ii; Ua— L I j 
B X curl B = grad (hh 2 , - (B • grad .. B. i ! ! 24) 

J X B = - - B X curlB 

Mo 

=T griUi (|j r ^ (B ■ g rad : B 

-Mo 

U>- o^U-l J J^> -grad p m J\ J_c j_5"uJl ^ 3 
(1 //i )(B.grad)B j^l ^ ijLiJl - 0j2 ]\ ^ , ^L^UiJl s^ill 

(14 _ 25 ) iJiUJJ Jj-jVI Ji^jajl (j JjJcJl . lSj 1 — i J liJ^ 

: ii^UJI U jU^' 
div B = 



(14-25) 



dv Ot jJ.1 Ifci Jjlj "steady-How" j^kj.! V L_^I JJL. j ji *j I 



^ jl Uj . JUl oL>tl J> J* ^ B O 1 5 

J^3 B J* oUU! J 

(B • grad)B = 

: i/^l <u_^JI J I (14-21) ibUll Jj^- if j* s ■ iJU-1 o^J* 
F„ -■= grad (p -f p„), 

I (.-jsr JSC! ^^SCjLJI JjLJI o'j 

^Udl J i_>SUJ.I i-~.il o^Ldlj (14-22) LbUll J I UL^L 

^ -f div (fv) = 0, (14-27) 
ja ii=L_~> S/^^l is"VJI (v~o' . JUl oLJ j-» J ii^- ibl** - Li 15 

J = 9 (E -f v X B) (14-28a) 
. Uj^JD ^Jl J~»yJI Ji£ g 3 ' cs-r^ 1 — ^ j L'j'M 

. "conductivity" 



J.^) ^}\ . (15-13) -JaUl J J»V ■ «5-2) ^Jl j JtySl. 

. ( J^iJl iJ-o J S^ 1 j'^' tfr'j) ..™ ^ j" ^ 



l"H*_J ' S^" - k L^*-" jj X- ^ I O^jU-JJ 111 . ,i *l^/»-J Jjjt- < o^ijJI 

: J^l Jl rJ i 6y\i C-^ Jl^l ^^Jl J^yJl iJU- 

g-* co, 

E + ▼ X B = 0. (14-28b) 
t>l>*l j 5JU-JLI JUI yP^JI J~*>JI jl) Jlr^JI yP^JI J^>JJ 
<ib> oyU iJubUJI ii~JI £. (14-28b) iLUl c^fj lili . Uj^JI 

^ = curl (v X B). (14-29) 

: S ^k- Jj>- ibldl oii <o>«*JI J-I&jj 

I; / B • n da = / curl (▼ X B) • n da, 

at Js Js 



B • dl = f B • (dl X v), (14-30) 
c Jc 



U;3UI <iillj Jill j bti W-Lu Ik> C Jit iv 

oi jfcdl X v J-VSCJI ul (14-6) j£jl <j, Jtf . UL^IajjjbUI iS>JJ 
4 «contour» s~-Lil J«* jjuil ^1 ij^J ^kJI u j^L, j LLj 
SJlljJI ia-LlI oJii Jil^il (|?r J»L*ll yi-iJI jL jTcB-dlXv J^lSoJIj 
J~- J^U- ^1 5^ yijji jji; of itL^ (14-30) ifcUl 

Jojii*- iilS" ul ^-Ll J* L-JuA 4jL»- j^lj^j U Ja.,,^JLi y, C t-~-Lll 
JuaJo (j j- r J>Uiil iiJ-1 ^jJa*. (jl i> J I-Vj ' ^ J^-' c> ^^ l 



14-6 JSj 



The pinch effect. yaLixJl s^alk 14-5 

(Jj-"-».« (J^ll; C-<-u UJI (_/i,1,5.t J 1 j*U» (J I Ljj Jjl (jjj . ijjlyJll 

byte Uj^UI J^U ^L^. jl^ £>J 

B(r) = ^2 f J{r')r' dr'. (14-31) 
r Jo 



= - il»(r) +M(/W. (14-32) 



* W. Bennett, Physical Review 45, 890 (1934) ; L. Tonks, Physical Review 56, 
369 (1939). 

t M. Rosenbluth, "Dynamics of a Pinched Gas," from Magnetohydrodynamics, 
edited by Rolf Landshoff, Stanford University Press, 1957. 



pjj-l oJa-^J 4^J»Liil Sjill 



F, = J X B = -J(r)B(r)ti r , (14-33) 
(14-32) i^JjUI C&i CS J W • r ^'i ^ a r J^£ ^ 

^ (14-33) j 

F,= -il) a r- i -B 8 . (14-34) 
Mo dr Mo»" 



<iMo Mo ^ o ' 



^LjLj . LjiLiJ L-iU-l ^kJI J* J»i*i)l cAM- L.UI <> uaj 
^ . <ik^ LI4-I cw"^ (14-35) SJ^Uit j . *JJii 

Pm = J-^(fl). (14-36) 
-*Mo 

iikdl j U^- Jai-bJI (jl (14-35) ibUll q» £~o2j 

JaijJ ui^jJ '^r^ (jJ^JI S_y»Ui uli lif-j . jbj^Ol 



: o jJJ ,la« ol: IaJmjj 

p = iVfcT 

2^> = 2^' 2 = ^ 



^wLLJ jLJI jijt'i Aju-«aJl oi* Ja- 4 JU^jSCII jj^illl jLj I JJU 

: J'^l 

= 2 (g)"> AoJVofcT, 

A N = nR 2 N 

OL.^^ ojUj i i^ / 4ir = 10 W/ amp. m t iJlj^^l ^J-\ 
Ujji ijl^ if j j J^i ^Ctj . k = 1.38 x 10 ~ 23 joule/ °K 
< (i^l-j^l) i.j>JI o^Ull l^JLks ^Jl irjoJI « 10 8o K 

jLj yli i N Q = 10 21 particles/ m 3 5 A = 0.04m 2 ol J°j^.3 

• ^jf*- 1 c£j^"d i- 1 ' y*"^ (jol^rJI 

^ jjiiW Jk>i i-Juaj (Jx j^^iljl XX ^g^JsLiil Jaiuixll -UJLju . ij L ^4^JI 

(14-7) JS^JI 

jljiL-J MJIj «sausage» <<? i*~JI jl^iiJ^Ul ^jjU t kinks 



Larger magnetic 
pressure 



Large radius, small 
magnetic pressure 





i-alidl LjJUl J ijl^liUI . 14-7 J£ji 



SS^j ^j^M 1 oLojj 14-6 
Plasma oscillations and wave motion. 

ji oLJuJJI ei* (jl ^1' dJ>LJI t>. iiLjt flyl ti»j^ ul 

i-j*jdll <L„..H omi J* U-te»l jj*> f 5HI o* U*j . obi ill 



* L. Tonks and I. Langmuir, Physical Review 33, 195 (1929). 



J^iaj J^JIj 4 Jaii (Jj'ill <JU- 1 ^tiU-L. . JUo»-l J»*o objj^l Jj»- 

c i-rjil objj^J i*kLU iillS" J* tiy^ Lj>L iiLu J* L.t*l ^ 
AxAyAz i ^ j^s. JS" jjj^j . JJjUjH Uj^UI j Lj^U oUj_/SCl^l o-ljl 



ip Ax Ay Az = -Ms Ay Az ^ - + || Ax^J 



= Ax Ay Az Ne ^ • (14-37) 



itL-JH »i* >UJ . E (x, t) . LjL^ oU,>£W jjy; 

: iJyj . x »\J-[> JUI 



div E = — «p, 



d A = L Ne d A, (14-38) 

az « ox 



E=—t. (14-39) 



<_■■ „,; i>->^ 1 La ^i-aJJ LjL-. (J-lSOl C-jU ii-l |f oi) 

JS" o^i I "V.J ■ «restoring force» j* iyZ « (14-39) il>l»JJ 

J5CJ ibL. . 4.L....I -Liily ^j^s c^ -9 ^" J>»- v^-'-i ujj^JI 



at- 1 to 



Jp = «j>/2ir, 

= (-^Y' 2 , (14^1) 



ujSL^ L-j!iLJl a ~> ol» i^Ls- JlJU^j . uj./&M m e Jit 
•N=10 18 electrons/ m 3 <j_,Lj oU> f p = 9.0 x 10 9 sec 



- 1 



. «AIfven waves» Quill oU-j^ ji ; „ „ Ur: - 3j ': 1J>I •* 

J<^_)-« Ji^j ij jv-Llo <UiJL»- Cjis^y 4->— Ja Li*j j Jj lil ol»-_jil Jlf 

j iLliUil Uj^LJJ 4, ; ......kLju.j j )jblil iiL^JI £. o>£> ' 1942 

. (14-4) jUI 

j AjjljyiJI oUuJI ^£,1 oj crj-^J ' iJuiUJI o^jULI :>Uj JJ 

-Ux <5JJI (14-8) JSCUI j ABCD J>:„,jl C £J } t Uj^LJI ^ 

uj* ' <-r*ryM Y jy^- j\y> o\J-\> V lz j*. ( J**S jij i y j>»JJ Ijl^ 

g,(v x B ) 

i-liJI ^ . iJUl ij^JI o^LUj i^LJI oiUU J> Jl ^ai; 

i-ry. l^L, ^^Jl Jj « JLSl^ Job ABCD 

uli . J^ J^j £. j^u^j Ul U . iJL JL*^ i y^i iSj^J\ l^l^-j 
SUi La* J5^JI Qw . SjSIjJI J-SS ABCD iktfl LjiUI 



H. Alfven, Cosmical Electrodynamics, Oxford University Press, 1950. 



j oljUl . y yJlj*5U olst'iL d>J < ABCD < UjiUI . 14-8 J£i 



I .B ( i? -J»Uiil JUI ju. jotdl cM*U jUJi J^L* 
i . U^S"> aUll ol^b OjSS ABCD <J»iJI j JxB iyilY*i\£ yt ^ 
,1^1 WL**: L.j^UJ VrjU-l *l>Sll s^jil 5^1 J^J ^ 
JiLj 1^ t ABCD i«Jai!l Xs.j^ j (j^iL: djast liij . y ^ij^SlI v-=r>^ 

. + z e U^| j jtfti 

B = B + Bx 

JUI Jix B, j z ^ij^l Jl \Jii^ Lj»u- SlU B Jit ^ 

i B 1 V J J E x j Vy oL^JU oJfr.il As»- _jJLI iS' ^ .Ja...il 4_ljjJ JJjS' 

- ^ = MoA, (14-12) 
: cc^fiM ^"MJI t (14-2 ; ibUI « jjyj ^ 



t-v 



rff=-^xBo, (14-43a) 

3 

= J z B ly - ^ . (14-43b) 



gij (14-42) Sbldl r (14-43b) (14-43a) ^Ul 



(14 tli 



dt Mof ^2 j 



dp = L d ( B iv) . (14-45) 

dz 2/j dz 

i?x = — y„Bo + - Jx 

= -^B - — (14-46) 
. 0Mo dz 

djh« — _ (14-47) 

dt dz 

^ E x cJj^lj « (14-46) j (14-44) ^Ul ^ ^ oJj^l liji 

jj. « r o_>J « (14-47) iLLdlj i*UI ikUU t« 

_ ^.'1 — j -J- d 3 #iy (14-48) 

at* " Mor ^ 2 1 smo ^z 2 a< ' 

. yjill oU-jo jLl^L i«&>»dl <JjI«II Jii (jJlj 

^ (14-48) iLUiU <Jl^ g Uj^UJ ^^Jl J~^>JI lil 

. (15-5) j (14-4) otJ^JI J W^- 0]j ' <=r>il *J-> 1 ** f *iLLu 

dJ>s»^ iULai. >c i>y~A l^ry (14-48) ibLil oLaJ i i>jjJJI oi* JJi j 

„ p = J?JL- . (14-49) 



C = 10- 5 kgm/m 3 j B = 0.01w/m 2 j» «^L»- Jl^S" 

. v p =2 800m/sec o>^» 10~ 8 gm/cm 3 = 

jC* Lj^LIJ AJjt ^y ^y iJU- j juLJI <Jj Jj£U iii^j 

: |j (14-48) iJiUJJ 

= bi exp[az + jut] 

: (j£ aJU- j L-L. Ji-I u^jj 
2 _c ° 2 (14-50) 



*LJJ> ilf-l^A iy* 3 <JU- j j • (14-49) ibLil j |/ c-j- 

«»±6- + ^-5V (14-51) 



ol^l jJ^jJ iL'Lii. i^^. (14-48) ibUil (> J-U IJ^j 

l+^j; (_>. 1 / e J I i^l iu. U^U Jj; ^1 iiUI Jli z UUI . + z 

(14 _ 52) 



UjiUI uLU j oLsfl flos^J 14-7 
The use of probes for plasma measurements. 

u.w>.txj . Liajl iJjUju oijij oU^jIj olijjixJI ^ L*J^LJI l-aJLo 

oLjj&nil LLu" ^1 iJ^I oloLaJI J^j. ^ l«,.„:C" 



0l>-jJ_J . Ojlji-I <STji "U^Jj l$A*»J (jSv-*^ t>» ' (^yJJ li*_5 4 it- jnJJ 

t dJi £.j 4 Uojl iLiill olijj^l Jx iiUI oliiUil ( j ; ,k;"l. o>- Jl 
otj_>j}t! jL\ oUtkll Ja**yL* (jro <Sj*yr (J j* -^r) lit* • oUjjJSCJ'ill 

(ji _^«J Ji»-I_j]| <wacU otoLauJI ci^l o-Lc t_.l liTj liUi <jti i O UjjiSU^ j 

. j ujj^I «meanlife» 

otitiSj 4 olc—4-l bj\ j> *->-jj ' UoU:l ^« .-.',_> <u^ 

— 0_^«j jiy&j^ ' *-^'>^»-^ ^O^M' '- J 'j^ otitiS" j < ot<w»i-l 

^» Jl A .I «o Ji Uj^ilJl (Jj^Ij « » j I _/j>v> ij Juw t_JLi ^^tjj 6 1 * O-fc- 

(j-Li_j oL^il iiLjt j^jir ja..L..:.. ciUij « LL* oL*SCJI «i» (_,a*j .sU:^ 
Uj^uJI (ijL;^ 4-lc. y£\ lJ^ 1 • ^ iiiljll <*-*zll oljLJI 

_jl 1 _jl L)L y-jil j**- otS" iilj t l-faf tiJj ciiUJI O^SC o^Ul jjijw 

Ujlx . <JtL. ^ i-J^I _ jLdl ok (14-9) JSdJI 

ojj^^ j^-* jy^-i ^3 lj~>*JI ojj^S3"i/l jLJ (jSClj . j lj-l«JI (jjj^l j^yj 
p-jw. Jjjw tillli oUjjtSCJ'ill ' l - r *r^ ttfjj ' i>>t+il >* e>jt-JI jLJI oti liij 
oti otjjj^SCll ^^jLLj ^jU UL- ' (J*^J • oLij,)^!! f\j^iy jy^> 
i U F «floating potential)) { Ut j^J-I iku 

<uiU LJL« ^ (J*^ lit lji>- 1 j . I _yi**> cSjt—j (j-^f ' jt*j ij l*» cjti 
L?-_j^ tj-si^ J^4=r J*r' , -• liti . J; 6>j^ii jLj iiLiS* Jaii *jti 4 ijU53l 

jLJ iiUS" otj_jj"i!l yuj, <uU 4 Uj^Ul J+sl i-— JL J^Uj jl^ic 

(3>»t5 JJL» J-fc«--" <*jt» JS\ \~?ry •Mr iS*^ t* l^lj • J e Ojj^-J^! 

<*»,.,. „ }» jj.* I^L^oUj ij -uIju_j 4 Soiju* ^r*^ <-Jj_^iJI jLjlI! <SjL* Q\j 

. Uj^UI 

* I. Langmuir and H. Mott-Smith, General Electric Review 27, 449 (1924); 
Physical Review 28, 727 (1926). 




: ibl^il ilkdl j ajjiS^I iil^" (ijLj Oji^l 
A^,- = N e = AV (14-53) 

: jW L>JU liij iJlyuJI .Ojj&M 




(14-54) 



. U = U B Jl U = U oj>*»^l iiLdl j cr jil i#-L* iJs-^ 

: «potential barrier» 

t\\ 



J>. = J. exp (e ^) « «p (. ^) • ^ < 

V Kle (14-55) 

t i_JUI 0*4-1 iiL-. j Ljli ujj*sfl jLy 6_jSL i c5 0" 

J p = J e exp — ^ — ^ ^ — J i: 

^ = l[w lTl ( ' Jp + l" 7 *'^] ' (14-56) 

r !o^.l (14-54) ikUl a* ' N o ' H"' ^ jL *' ^ 

( ^i r u 1,5" . JSlUI j U Q o}C yU ijj^Jll ink.'.ll S^Uil Jp -! i-J^J^JI 

i^i J* ylJUiJ^ Jp-U wli-l uL> (14-56) UaUl yl ik~>L 

. (cAiJ! dJi Jli.) 

(W 

iluV lu-Jl oWl 61 ( ktt) J < ol^lj olijj&BU 

( Culj) j ( S*k- j J->U.I ytlil Jl^l c^t ( t ^1 

( L«U) j ( Lr A\ «secondary emission» <i>UJI t^L-j^l J^l 

Oj^L. u y »-">» (j-^Vf Li^Lc i_liLf wuJI Ijjd y^Li cj^> l_/r>-lj 

: us'jiy. <JjU- ^ (J^LJI ink:,, j U j^i-L i^j>»dl iljUil . iJL 

* Chapter 2 of Characteristics of Electrical Discharges in Magnetic Fields, 
edited by A. Guthrie and R. K. Wakerling, McGraw-Hill, New York, 1949. 



v2f/ = ~ T e(Ni ~ Nfk - - (u ~ 57) 

iiLJJ ilia*" U J L>>; ULu Law (14-10) . Vui>U 

If, « i^r V U V ^ ( U = - V o~y^l #1 >pl f^U ^ uj . y-fl 

: (14-57) IbUJJ 



o i, 



i r 




. ,jJ>\ & iiUJU aiaf J4»U jU . 14-10 JSLs 



J, = N evi o = iVo« ■ 



wi,- 



(14-60b) 



i-— . JU ' _ V c L. 3^LJt Ajar (_rLi J»jJj 



(14-61) 



*J* jlL.1, ^ (14-58) ibUI J (14-61) j (14-59) ^Uil 

(riF/dx) dx = dF 

: j Sji^-^l itaUil t^j^.i 



d 2 V 1 Ar 



(14-62) 



i /dyV = j_ 

2\dz/ e 



iV e 



l/2 T/ l/2 , -«(V - V ) 



+ C, (14-63) 



dF/dz = 



(14-64) 



(dF/dx) 2 > 0; 



: ulS' lil U Jrfi J.jJJI li* ol (14-63) ibULl 



1-7' 

Fo>^> (14-65) 



Ji^l J* (ilLi jl ^ o- <-^l Jl J^" ^1 ol^l uli 

izJt- lib S^iZ-^ iilcl ol . kT e L i ^i-i t5_jLj i*U» 

I»jlc ol **^-lj ■ »jl-^ V jjl^ (14-65) itaLLI oU . i>_jjjj| «j* 
. oljLlI iu^ju UjUicI Jxjl-j ji (14-65) itaLil j (jjUill 

J Jaii >^ ^1 liftj . (14-63) aJjUI J-ISCjo o^UI <_~jt ol o 5 ^ 
: La . 5JU-I dkJ N e Jl^l « UUl JUl j*J-I oli oLil 

/dKV 4iVoeFo r/yy /2 _ 1 4N eVh l2 V 112 
\dx) ~ eg LW J ~ «o 

= 2 ^F? T JiVll2 > (14_66) 



X ' ~ 3(8m i /e)i/*J i W2 " t 14 - 67 ) 



* See Chapter 3 of the book edited by Guthrie and Wakerling, op. cit. 



ki^l j ujj^l tf> uUi yCJ jUI fj^Ul J» jwill 14-1 

t » 2wm e /Be, 

j I Oil I JlXj i ( ^Ul J*aiJI £>-lj) |OLadl fjAj Ja^^L. T J-^ l - : - > ^ 

1 « >///, 

Hall resistivity. JU Jjj[e JjU w = B/JV e J\ 



B j J j v oL^JI * jh* ( _j-^J»L»^jjJjU oL--ji iJL~« j 14-2 

% _ i » " 

. Jaii X J JljJ B j J j y tjlj X oL^L V (jl <J° J*^ ■ oJul*l* 
(J -6 6* -/!J ' X (J^ ■ lL «-"- J " ( X (3J3*«.JI ) oLill jjai* (iUiS" Jo j»\ 

v = v °-^X 2Bo h x+,i(, (l jdx ) 2 \ 

. C = Co j B = B u^-i U-llc ic^JI vq Jli cUj>- 
iikdl Jl i~JL (14-63) ibUI (14-65) ihUl J^l 14-3 

gjjH j gjjl i_r4- *^J>JI — jLjjJl olj^f <j-L* f 14-4 

iilS^ c 0.05cm 2 (ijL: ^1 is-L- . (otal ' JjoJ-I J**-^) Jl»^ jLy 



Up, volts 


I, milliamp 


Up, volts 


I, milliamp 


40.0 


—20.5 


35.0 


-0.34 


39.0 


—20.4 


34.0 


—0.096 


38.0 


-7.5 


33.0 


—0.011 


37.0 


—2.7 


31.0 


+0.033 


36.0 


—0.98 


29.0 


+0.041 



a s 



jjl U« oli <L»jb>tJL« . 14—5 



<$~fiy (ii J»U-oj^l) Jjli j^c-j ^jJ jJ. jjL j - v o ic & y*Z> a ' 1* 
. B J <bjl>« vo ic jwJI . B ^ la 7 : , « (^j—Js LLm Jl* ija-^jj o- ojl-Xi* (jCyj 
ola SljL^fj i i.^Ldl j CjIjLJ j^c i^UI Si^Iill iiLkll 

5 ^501 JJi o« iiLLJI l^. isju£ CS-^ c/"J^ d-*-^ 

: jjlll j <_.L-Jl syrj <> • Fi 'j^^ 1 «y s— ' ( 

v = v + \o? grad (v • r/r 3 ), 

: [^r\j £yi,JJu iiUil JSUlj alii oJ* XiiU : ] 

J. R. Reitz and L. L. Foldy, Journal of Fluid Mechanics, II, p. 133 (1961) ] 



MAXWELL'S EQUATIONS 



15-1 

The generalization of Ampere's law. Displacement current 



- M 



» ^jljJJ (j>>^ (^^^j^^vH 

^H-dl = J^J-ada. (15-1) 

li 3>i^ (j- uj&S jpl i (15-1) J5Cl)l j i^JLI s jjlJl ^ ^il 

<£ H • dl = /" J • n do =■■ /. (15-2) 




^ H • dl = j J ■ n da = 0. (15-3) 



O^" ut o 5 ^ * ' c5>Vl lr»'^J (15-3) j (15-2) yyJjUIl ^"Ld l>; 

oj^S iiL~. J^. Uilj C Jjliil (jia^l LL^- lili . yusuxrfi fills' 
o'ilU- <£j*yr d^-~> u>£>^ aJ ( (jl ^>l>ll (>• <uji i*— ill 

(il iJUJJ sjjjJ-I iLJk\ J* 1^1 c (15-2) iJjULI 

J 1 ^rU (15-3) ihLil ol ^k; 

t^Jjlxil (jt ila*-!iLi J}U- ^ 0j£> «*l >>-J L_~»U.I Jj-uJI oj 

o>JI j o3W£JI ci^-l SiLit USli oLJ«u" (15-3) j (15-2) 



^ J ■ n_> da j J n, r/« ^ 0. (!.", 4) 



IT. 



. ( C ^Uil (j^A\ juc oli^j) tali- UJL. L. S 2 j S j ol*J»JI J 5 ^ 
^ (15-4) ii>Li! 6li >^ iJ^ail .i* UJ^I lili . ^LJI >b 

& J-ada 0, (15-5) 
j' J ISU . a^UJI ijjJiJ iw> (15-5) iLLi! Jli 

: c^. (15-3 j (15-2) o^Lil t>»^l 

h+8 t r ' ada= ' f r divJ ' <b '- (15-8) 
. (15-3) j (15-2) OruJ^Uil 

jj*-"! U>jl2j J^^l J - ; Ja" 0' Jl^-^l Lf* 

]' = J + a, ( 15 _ 7) 

(15-7) JUjUU a*Ul j^lj . Li,^- j' acL; J4 f j^JI aJ-l 

div J' = div J + div a. (15-8) 

div J + — = 0. (15-9) 



div ]' = - % + div a. (15-10) 
at 



divD = p. (15-11) 

<jl L-5a j Li I li* CJ i^j . divj' = oU i dD/a«, <5_,LJ « J**j 

: ii}Ul 



AT) 



: gj*J 0>iUJ <Jjuil ^^Jl l Jz»l~ 

curlH = J + ^ > - (15-13) 



: <wj^j>iill l4—v(j Jjj—S'Lo c^jIm 15-2 
Maxwell's equations and their empirical basis. 

. (Jjj— S"L Cj^jLc <_* ^jj O^jLo-i <Lfc (j* oJa-l_j ^yi (15-13) 4_bL\il 

15-13) ZLUI Jl UU1 J^—S'L o^l~ ^ iLlSOl J^j 

curl H = J f~ -~ > (15-13) 
curlE - - , (9^0) (15 14) 



div D = p, 



(4-29) (15-15) 



div B = 0. (8-30) (15-16) 

a ;. ; ^JI 'J_i£ (15-14) U>lA\j . u^LJ i_U iJU Jjs (15-13) 
Jii (15-15) aJjLIIj ( cS ^JsL)wj^4SCJI tiJ-l j <ibl OyLil *JU»Liill 
i5-i»- (Jlf (15-16) i)jL«Ilj i c^J^ u>iLi y» J£~> c$JJI _5 ^f}\£ dy\* 

' Lj^Jiu 't'-h' L&~i^ O^jLuil oi» (jl ^«*<»I>JI <>• <jU iJLiJ-l oi* j_j 

. |»»-_>JI uyti uLi. <iUi J l^li. i £>*»>11 l-V; 



Electromagnetic energy. ^.J^ UlQj^&I ii'LLII 15-3 

: i-Xll jL ^jLJI J-aJI J Lj oil 
w n = £ J E- Drfr (1.5-17) 

JLswJJ 11 oLjwDI I.jU:l i._.„,l,\jjw 4_uL£jl iiLkll o' 

ijyUij . J Lai I Cf-jfei >v-Ll J*^JI v'— ^ *^ (j* J>-=J-1 f _) . jL^^^SOl 

"'u = i $ H-Brfr (15-18) 
JL^il j ^Jj>l 5_»L_UI S_i-I^ i jJLpjLJI J— aiJi j L/j <-»>^" 



0- E £. (15-13) ibLJJ ^Lfl^ll ojJJI j. UUI ibUil c >, 
ibkll gLJ <H g. (15-14) ibkJJ ysUl^JI o>JI o- i*UI iJ^UI 



H-curlE-EcurlH = - H-f-E-^-EJ. (15-19; 

AijLklil fl-Ls^L-L OcLj J I oi* ^ juj^I <_»^kll 

div (A X B) = B • curl A — A ■ curl B 

div (E X H) = - H • d f t - E • ^ - E ■ J. (15-20) 

D lil til c LLs- Ik. j (15-20) ibUI j..k-,l ^Ul Ja^JI liU 

: j^ltf Uifcr ySa (15-20) ibkll ^ 



61S" lil Ifj yol^J-l i^ aJ- k>)l -Uj 

B = aH j D = «E, 
Uwjlj bl^cl ol^^fJirll ci^Jl u^ijj i Jl^l ol j£u Jc pi, i .;,»,. ot^i£ t j n 

£~*- i L-JjUujjji 4i»i^JI uj^L> Lai* h'4-l ii-aJI juilj jjli JjJ^ . (jj^JI 

Jc dlis - ^SJj Jui ;L«j,Udi Sadi j*. ;,„,,,hUJii sjuiJij (i? IiUiii dJ-i en 
at 2 a« v ' 



-•f-ll'HB). 



ijSl ii«all irf-fc (15-20) iJiUi! « C.U5UI oJ» f |j^lj 
div (E X H) = - ~ i(E • D + B • H) - J • E. (15-21) 



, Ji£ jUI -0-1 olj • iilkll iittf, *-Slo«£JI yUlJI fcli* £>4 

SijJLI ijjl >l 'iiUJJ ^J^l Jj^JJ (_JUI jlaill « o^U-l ^ ji^ J 

^JxuJL JJ^ V C-oIj (* i ' t> ' (J-*^<-N -^"^iJ ■ f* 1 ?^"^ ( <J_j»- sjl ) 

: J»a^ . S 

div (E X H) dv = - j t J i(E ■ D + B • H) dv - j J • E dv. 
£ E X H • n da = - | j £(E • D + B • H) dv - f y J • E 



: J^IS" U^L^" D ^ E ^ 0l» . i-V^ 1 ^j" 511 i)U j 

3 

t— 1 

(Wooster, Crj^W Physics, Cambridge University Press, 1938, p. 277) 



6l» i t, E J* 5a»iu jje t £ *'j] >) 

tXtf 



ii— itaUll °i* sj^Ijj 



- ( T ■ E dv = t ( i(E • D -f B • H) dv + j E X H • n da, (15-22) 
J v dt J v J s 

j^iill Jojc y» Jj^l : i>Jjr=r j>« oLlj^ J. E jj-l j^'j J^-A; Ot-r^j 

y» jUlj i V c^Ul ^1 j iijjill ^L-JpU^j^I iiUaJI j (^^11 

iltJLI SjJill (15-22) iLLil ^ ^"Xl <J>JI olj . <^LJI J-Kdl 
,J liU . V j izlkJI oL^UI S$> J%- (^U-j^Gl JUI J I 
iliUI ^ jw^l o>JI uli V j iJlo^Cll ^ j*^ 

S-^j J^U UUI Jyr cJUl jlosil J^j UL u^j (15-22) 

. L^-^ (15-22) ibl«ll ^ <-» Jo$\ Oyv -« i^>-« <-»jj^ j j • 0-*-^' 

^^Jl Jjuil ol* ' >kL^.j iJU^j i~£LjlSL* (iy -jx- i>U oljytl 

F„ • v = — ^(E + v X B) ■ v = — 9E • v. 

: ii^JL o^J jLJI iiLtf uU t (7-4) iljLJJ liij ^ 

J = £ AV/.v,-; 

i 

X;.V.F,„- v, = E ■ J, 

^JUI J^i ^ (15-22) iJoUil j y^kJI J-IXJI u>& I>i 
JjuJI JJU *ul jJ-I li* j~j^> u' c^ 1 -^' a** ' c^-^*^*-^-* JIjj«&I 

E XH j~aj J\ J-t Uyut ojjJb li*j . ^kJI AiLkJI JjjJ (^^Jl 

r ,,.i:ll li* Ol J-> ' is-l— il 5J^->! ty'J\ o-^-J j iiiJ^il ii'LLII *Jl 

A-i* Jy-J (i-^ 1 -V^ 1 v^V-^ 1 ^-^J ' ^UiLJI ^(iuu Jl Lij_yj ji^l 

JaJI Jit jLl. ^k- Jy- E x H J.IS^JI ji >* oUiLJI dUj JjUJ 



oU I Jy._j . S ci^J-U <d > jj sjUj 4 «Poynting Vector» tiL^j a^lc 
. V c^li j iiLkJI Jii>- tj^jj L» jurf. (15-22) i)jL«II 



The wave equation i^ll SJ^U. 15-4 

0*ijU. (jlml j L«laiJL.| yb <J !;> ~i'L O^L. oUwJtJ jvftf 

oLull ii-L tiiJij H XJVju o-jII ibU, jii; . i^L^^Gl oU-yU 

. (15-13) ikUll 



<9D 

curl curl H = curl J + curl — 

ot 



curl curl H = ? curl E + € ^ curl E. 

: ^luJ t curl E Jlj^ (15-14) ibULl r lj«jL-l ^Saj . 

curl curl H = — — *^7jpT' (15-23) 

curl curl = grad div — V 2 (15-24) 

... __ dH <9^H . _ 

grad div H — V H = ~ gt i — - — • (15-25) 



divH = -divB = 0; 



i ^^^.(15-25) iJjUJJ s-i^ <J o* J/^ 1 •* LI v\> c£XJj» »L.j 

VH-*g-»f-a (15-26) 

: (15-14) 

curl curl E = — curl — • 
dt 



3 h j g jLi*L, ^^LUll JUt Jlj^ (15-13) ibUll f lj*^.L, 



. .„ «E d 2 E 

curlcurlE= -Q^ Tt ~ *M^- 



*Ui J* ibUi J.,>7 jua^j . (15-24) i^l^l iilkll Jl^Uj 

: (J* J*a^ t divD = ul C-Jr <iJJ» 4JLa»t. 
- *g - ».f - 0. (15-27) 

Ua— _jJ I IJL» tj&'l t ^«aJLl iujL-* a„'.->«j,.U ijLiS' o>£-> ^k»-j ^ lir: ♦ 

j (15-26) o'ibLit J\ £*>\J\ y*i t Uyi Jo-^ o'JbU- Ji^ Ulj 
^ jUdl j^suli < Jj>-^U o^LLl *ijjj*> gJlu Jjic (15-27) 

^Lw. E ciUJI . ^1 J^LJI ioU E J U^SGt JUI Sj^ > 

. B jUI IJ^j ( (^^ii J>kM ioW-i 

. cijU-'jII jj/JU ji*^ ol^-y^ <j& </r>W J>UI ioU-t oW>U 

arf-Lj . oU^t .i* jw. J-UJJ jr 5111 JiM >y tS^ 1 Jt^ 1 



E(r, <) = E,(r)e~- 



(15-28) 



Oli li^ , LS> U- E,(V) oU dUi J I «U>Lj • (15-28) ibLil 
.E s (r) j^J* Jit c^cos(tot+^)) ^ v-U^j J^^l JUI 
: ^ ^ (15-28) ibLLI <> (15-27) feUI J~J~j 

e~''" ( [V 2 E S + w 2 ejttE, -f ./ay/iE.} = (15-29) 

e~ jl0t J,UI) JL^I JU~U y^ijil jtiJI j ikLJJ 

^iJI jUfeV (15-29) ibUi! > ^ SJ)> 1 W^j '.(M- 0*4 

. i***^) j ixJUit o'ilU- j j^-jJsUcijj^Xll JUmII <yw»jil 



: iLs>« jjx ijjU J»Ljt j <yr>Ll J>kJl <i>i-« 15-5 

Plane monochromatic waves in nonconducting media 

obryU sy^-til JyU-l ^ t (15-29) iJjUJJ iJyU! JyJ.1 ,kJ oj 

tjU y\«e ij\XL> ^.y J~*»y (ji JjUJI (i^UI Ja-jJI iJU- j . -L.^r.,,11 

(15-29) ifcUl 

V 2 E, -r WE, = 0. (15-30) 
cS' ij * olftLjl olS 0>^J Jj-ll *sr>ll l^L AjyL«il is>- jil (_> ^jj 

y> SLL. Z <^ I a*, "ill 6^ liU . »UI (i- 5 -*** tSy^— 0* 

UL jpl J»llJ1 i»l£J ajjLji* <j>£-> (jl <yV>j E s jU t oijyJL y«JI oL^'i'l 
itaLi! jli iJU-l oiA_j . E s =E s (z) tSy-l sjLajj 1 z ^^^j 

: hlU ii^j jy<^ (15-30) 



,yJJ jUi-Sl 01 j • i^jll U£U JW- 1 *>' J 1 .Z^ 1 ■•>' ^ -"^ Sjlsjsil 1 oUSJl Jl 
«jloiu ijlyl J Jul iin y OljL^-H 1 - ■ JJ: y\;£ y JLjU y_ji.it 



(15-31) 



<y (il j+jj^y E s o^i ' (15-31) aj^Uli ^ yj x oLtl. oiJ_, 
<_~-j i^Lixl iui- ijlU! iizlH ^, ,„,:..„ Uj^j . y j x 

Jlfj la^ o,^ (15-31) iLUl ,> ulj . >ii iJlj E s ol 

: <Lo")!l 4 « . ,,rilL 

E s ( 2 ) = E oe ^', (15 _ 32) 

oli (15-30) ibUU (15-32) iLLJI JJLi . ^li ^ E ol 

-ui < dJj ^.j . z ySlju-^l oUtl Jx ii^y** «wavefronts» vr>. oL^ 

iJLLI cja j ji*^^ SJ^ULl j . Jj^L. olljL. J^U-I 8 J* ^ ^ 

: «j L5CJ ibUI oi* . ol-Luilll (jtaju I^JlC- Cw> ^3 jJI (15-15) ii^lijl ^Jb 

divE, = 0. (15-33) 

: ^ (15-33) J&Uli y j 

- jE?„(2) = TicoV^M E S2 (z) = 0. (15-34) 

' <3>' 5 jL*)J ' (ijLa E sz iJU j Jaii 4^^, o^Ul j ibUI U^Si 

JL^CJI ^ ojjju liaj . z UU U o~J E s c-iK lit 

JUI ol c l*,**, . i^l ol^ J| Ljl^ u! ^ 

: t z ^Ijs-'ill ijj^**. k^ry. oli i^-^i jU^SCJI 

E.(*) = (ifio, + jE^^ 2 . (15-35) 

ciUJI i^-l c J U^sai JUI IJuL jilJLi ^_J,UJ.| JUI ^UJ 

: i : (15-35) ibUI 



cur}E s ( 2 ) = T- \-jwVTv.iE 0v + juVT»)E 0x } e ^ } ^ * 



& (15-14) Ju^L. IbL, 



tT. 



B. = =F {-E 0v i + E 0l j]V^ e^"^ z , (15-36) 

: (jl oUI L_^5vLi aJj^ ... > < jl 

B, = Tv^k X E,. (15-37) 

.LEI ^ f%\ ^ .2 ^lo^l, E 8 <y J* B g u-C « li^ 

jj • ( B s J') E s j> J ^"^1 g^JI JoJI „Ul <;t « jLi^i 

i*}U o-o^l lil Ui z UL jti^l „UI o^5C o^cl j Jujjjdl ilU-l 
c~o~i-l lil Ui z yJljb-ill UUI .LS^L jl « (15-37)"ibUI j 



g,=r jAl JA 11 ^j^— ^r>* jLlZil uL^g : iaj^U-l 

: ijTill o^ULL z ^Ij^^U 

E(r, = E„(3) e - y "' = E e y " (v ^ *-'» 

(15-38) 

B(r, t) = B a (z)e- jut = Vi^k X Eo^'"^ 

. xy c5>^~JJ ljl>. Li/ E JJU 

^ (iJI JSLJJ «bL. o^SS « z ^Ij^I .1*1 iLiLdl Ly^il oU-jil 
jL^-l JSULI jy* yii IJyj . Li/ z ^Ij^-jIi S U£| jLj^i 

ol^U^I B j» JJL. Jlt^j . ^1 ol.,U*"5l Lj>U- oLJIjb-'il i-jkL. 
°W>- i>.)£ (ijjj^JI i o^U-l »Jj» Jl. j . JjLjU jjuJ-l i>_,^i 

j k Aj^dll sa^-j u (^JL; ojJl^c . sa^-j u c^s- . u t5jlii;l »Ut| 
(ijJI li.f jloiil -dljuj^l jjUl ^JJI j z jiiill ulj • IbUl iliUil 
6l y> OjLkil jji-'ill JjjujJIj . u o*dl sji^j oLf L> r <u*dJ jj^ 
jlv ^ jLlil u^>^ li^j . k ^ Su u o^SC 

: iJ^I o'^jUIL u *^l sos-jj 



E(r,t) = E e J " lv ^ u ' r -", 

.' (15-39) 
B(r,l) = ^uxE/^ M -", 

co-s/eMU = k. (15-40) 

4^z. i)^ juj t «propagation vector» j Li "51 1 o«jlc k J* jLL 

JSCJL k ol^l j Jiu; jpl Sj^L-il o-^il ibL* ol» Ij* j Li "ill 

E(r, <) = Eoe''"-'-" , 

, (15-41) 
B(r, t) = - k X E e , ' (, " r -" ,) . 

CO 

*r. yP 1 tfrjS J^JI ioUl hry. jLil ^ 

• OjUI jjkJIj . OjU jyk> olj oL 



, k ' x o)t = constant. (15-42) 

: ^-^u" (15-42) ibUI oU . * .UL r U: . 

Kf — co< = constant. 

, p = q = » = 4= (15-43) 



< .Lull iJU jj . c^U ^ |j c> ]^ 



J^l f UI (15-43) ibUI o/j < li^j 



' (15-44) 



c = 1/VioMo = 2.9979 X 10 8 m/scc 



ti^'dl J^jLI ( _ ? _JI 4ji>iJI J-L^-j j L ^5CJ I JjjJI ojL' O^Ui (15-44) 
Lj^ jLX;^! J^Liw jl (15-44) ibLil ^ j~>lj 

n = VK e K m . (15 45) 



,f>j f *-oU J?L«_jI j ^^-^.U JjJaJi 4^'.' a 15 — 6 

Plane monochromatic waves in conducting media 

: ^"i J I Ju^It jjIII Jx-^I 



ITT 



V 2 E, + &> VE, + jcogr/iE. = (15-29) 

+ « 2 e/iE, + jugpB, = (15^6) 
: a^l 0>*o ibLil aA ,> jUIj . Jaii z J ilb E s J, t~?~ 

E, --=.- E e"\ 

: J* (15-46) 2LbUil J ii^UJI 6 i* f |j»^.L, 

— T 2 + + jugn = 0. (15-47) 

J I y X-jl j Uj^Lo 2L5^I jIjlc^I jo- j <J^Jlil lj^L^I 
: 2LJ^!l *i^aJI V i^-U Uli t ^ j i i(jL».j 

7 = a + # = =F(« 4 eV + « 2 ff V) 1/4 (cos + j sin <p), 

<P = i tan -1 ^ , (15^8a) 

a = TaJV^M [i =F 4Vl + (s 2 /a> 2 e 2 )] 1/2 , = cw/2a. (15-48b) 

. i-jjjii sislili 2u~j=> jL^.'iii oij « derail ^ 

ibUL z ^l^s-^l jUL a-Llll. «u > i~. ei^y; t IJiCftj 

E(r, t) = E s («)e- J ' u ' = E e j(a '-" t) e^ z , (15-49) 

. Z ^jla^-^U l_-o^_jil oL^^I (J aJlILL* j ij^UiLt <t>.^. -^yioy (Jit JjJIj 

^ 6iJ t ZS ja l^^Sjj LJ\ O^iUil (j* o'il.jL* yft o^lcl j O^-iUil 

(5JU Jil JJyUI (j^ liii • (--oyCJI oLLvC (_/Jmj frl Ldl 

c5 ail IJL» c 2Lja.il o!5Ls_jJJ <? » ew < jj^JI 

laJ « <p = tt/4 

tTt 



& ----- v'ugn m\ - =• vWm/2- (15-50) 

<jl <u*Ji <>L^ JU^JI JUI o-Lat ^JDI jloi. 1//J 

e * " e 

j (5_^liJI j^»U i^-L^I i^^l J^jS . ,5 >JL> <J > jf jj «skin depth» 

C$jU Ja^.j J -tjlj^-l <y <U~-b UjL. j^jS' is>-_j< <j^*o (3 JJ S (J*«JI jljuL. (j-Ls 
OljJy Ale- y^. (^.V (J^^ ^ ' "U^aII (y 4j>t*jivs . J-rf5_j- 

,0 3 X 10 7 mljos/ui 

• 10_J^J C5 J^-"-" 



° V(2tt X 10i'o;(3 X ' HF)(-l7r X Hi = 9 ' 2 X 10 " cm - 

LJlJI i»aA)l (ju iJluiJI j ^ jrf (3^1 tiUi J-c f Ujj . 4jjj5oU.l 

AjiLS" J-iall fliUaJI j»0»t^_J i_«.,Jl IJLij . <Ua«Jlj ( J_kil y^^l (j-UsJIj 

. 4_c^jJI J^j- Asry JJi jj^aj iLjCJll 

y«-JI fli c5 J[**JI o-Llc O^SC ijj\JI j«J i O^J Jtl»Sj 

oji >*JI *U 9 « 4.3 mhos/ro M = Mo ul If; . o^ l_, ^ jloii LjL. 

■ c^* -1 ' < -^* t* -"j^ **~ £> 



_ 2 ^ 2 , -i i-Z°_ x 10 ! - 

w </iu s- i :i .-. I- ••. io ,>-• M '' r " a-; scc 



/ = r,8.ti X 10 3 cycles/sec, 

°>4=r • >*JI *L. <y 03- 1 j jii jL- <3 jvii' 60kc J _jL- ^ 

dJij ^"jli. i^l^i £. JLaj'jIl ol^-^L JLllJ i^l^JI 



. iUiUI Sj-uJI , v 0.01% J 



Spherical waves. 'L» j£J'. oU-^JJ 15-7 

jlsr^l) iij— o— J AjLiJ-L 1^1 . 4j_jjc^> j_T"}!l is"-_jil JiLi JULYS' 

: ^yt J~»>LI jyi <3jUI Ua— I j jL^SJl JUU iblw . Aj j^^i 



^yj-jll (J _jjaj I AjjU-I oU-_ji jjiws^ll f._^sL I i]jU>j 
V 2 E, -; e M w 2 E s = 0. (15-52) 



iJlj^Jlj «azimutha!» L-^Jlj «radial» hjki i_i-_Jl oli^l 
i^jl^j >iJi oL^J JljoS" r -u_: oLi'^ll SiZ ,y. J$ 3 ' «meridional» 

y 3 . (15-52) i_jyu.il j ^_,/Jl oLjl^ s iL, «Laplacian» 

: 'LJH\ 4ji_-aJL Aj_d ^-^j^ jwi i -»j^*-> cijj^ 3 -"' 

V 2 E„ ^ curl curl E., grad div E„. (15 53) 

Ajjiaii v_i__JI <L_TyJ . i ^j__> JljuE s ^pLJ jj 

Jaii E s o__JJ ui-_JI J.\ li^ curl cuii E„ 

JUJi ^"Ui Oj^-j ■ 
c/l Jj^. »l js>-\ j& *i 3 . E aj»j_»U ij'icJI o'-i" ^11 J* iL^. A - iJl 



1T"V 



: jSl JSCiil j (j^lf jjJI j oLJI Jb-^l pi jj*^J «jl ci 

E sx (r, 0, 4>), E,„{r, 6, <j>), l<J sl (r, 9, <t>). 

: ^Jl 
Vfy + «A«o¥ = 0, (15-54) 

P o 

E, = r X grad ^ 

: ( 15-52 ibUll) Lj^I j^jJ* 

- curl curl E s -j grad div E, •• f^w'E, = 0. (!*>-•>») 

: Ljftl iilkdl Ji^ t dlli oLJ^I 
E, = rX grad^ = —curl (r^), P5-50) 

: LVi^l <i.lkdl ^ ^s^Z j^JIj 
curl (A^) <p curl A A X grad v> (15 -57) 

curl r = 0. (15 -58) 

jLlc^l jJsuj -U-^l cSjjj^l (j^i t I C5jl— J ciLalll (5 1 JlclJ (j'il I jJiij 

4& E s cJUJIj t J*ii (15-55) ibUU ^1 cJ>JI ^ JjSlI oil 

: LjbU^II AiUalil fl-li^L o->UI 

curl (A X B) = A div B B div A + (B • grad^A - (A • grad)B (15-59) 

curl (r X grad ^) = rVV -■ grad ^ div r ! (grad ^ • grad)r 

— (r ■ grad; grad ^. (15-60) 

1TV 



: ol (1-13) j 
(A • grad)r - A 



jJ-\ Jj ■ „,,." (jS^-II (j* u|» Lf I }U I _}jJ_jJl* italic isws LyLai l/f (j I <U-Jb>- 

(15-60) ibUI ^ jo-Vl jJ-I t yL~. IjuLj t (15-60) iJjUl j/^l 

: ^Lal^^l iijLklil ^ljj>«JL.L) . 4j^»_*aJI_j J-JL»jJJ Ij-^-j IjJua* 

grad (A ■ B) == (A gradiB ! (B • grad)A j- A X curl B f- B X curl A, 

(15-01) 

A r 3 B grad^, 

: jj. 

6 iad (r ■ grad <p) (r ■ grad) grad ^ ; (grad ^ • grad)r. (15 02) 

tiS' (curl grad) jlji. (15-61) ibUI ^ uL^I ^^L, 
(15-60) ibLil j i^L^I oli^UI ojus (.Ijki^-Lj . \ juo c5jL-j 

cu-'l ■ r ;-' grad \p) e.uar'ri/* :i grad $ ; grad ^ 

grad (r • grad i/<) |- grad ( 15 - (i.'ij 

: ^ < (15-63) ibl-ll oUJI J^-L « Ijo-lj 
curl curl (r X grad ^ e/io/ curl n/< f/uo/r X grad \p, (15 01; 

li rXgrad <A JJ-l o>£; ji>^ ^ ' ^J^-" oUlj^l j 

. ti >>■ I oLjlj^^II o Li jl^.'i j 
. LjtLf'i'i ^J^a iijUJ Jli r x grad i// i_Xll 



E, = r X grad (15-56) 

: ^"Sl ii^L, (15-14) JJjUII iJ^il oii, « Jo^U 

curl E, = joiB,, (15-65) 

Uayc \f i E s A^xil oliijl J5^ ^ (15-63) ibLLI « y-jJl J* 

B, = -j - curl (r X grad \J<). (15-66) 

CO 

uj • J>i^ <-»>- (15-16) SJjUI uLi ' ^ jm> l5jLj iJUzll (il jx-U (jl If 

Sljla- 0^ B s j E s yt iij* ^ y^Oa ^1 (15-13) aJjUI 

. (15-14) s (15-13) j^y JJLc Ujjjj ^Jlj , i^U ibUi 

yCIl f UI JJ-1 (15-66) 3 (15-56) o^WL, J**^ JJ- 1 Jj^ 

Bi = Vepi r X grad ^ (15-67) 
: (J = () J**) (15-13) iLU.1 ^ J L^JI JUI Ml, 

E ' = <VS CUrl(rXgrad ^' ^ 15 ^ 

AJaii (^1 -U-C E s ijl j cill^ JjU-l • Ja,.,.rtllj B s j E g (jry^fclll ijLi 1^ Li 

. oLJIj^U) ^oi\ ikii j oj^j ikUl ^ jLLI lij^ 1 L-Lf 0^; 

uU ■ ^LaJ-l o-L» Jxj . u o\ji-\ o-ia jj-flJ Li B s oLi <3>»-l *^Li 

E c i*i> y.;.....U <JL^S0l i o^U-l yiuu j ,jiiaj B s _j E s JJ-t 



tT<\ 



J*- J I o ^Labi-Vi >Jj~U aJjU* Jj» ilSC^L. t iiLJI -3>-JI j 



! a/ 2 a,A , 1 d(, dA , i_ , ,2 , ^ n 

r-> flr V dr.) ' r* sin 6$ Y m <W ' r* sin? 1 * ^ 

(15 -03; 



: ul i.l 

</< R{rj(~)(d)*{<t>). (15-70) ^ 

: ^.'-Lj ij/ 4 » „ ,, <i JL) j (15-69) italxi! j lp J ii-s^aJI o-ijs LfOJ^jiJjj 

1 ■ 2 a d ,'IR 1 . <i . a d(r) 1 rf 2 4> 2 „ , , n 

. sin -- r — - sin 6 ■- sm 9-,- -• -7-- - kV sin" 0=^0. 

(15 71) 

j-j*, (15-71) ibUI ^ cJUJl . r 2 sin 2 jlaiiU j^u 

• (~ni 2 ) J ljL~. ij\ u^jJuj i Lol3 ul <_-?£ jj-l lia 

• cs>l 



d 2 <Jv 



+ m 2 * ra = 0, (15-72; 



: a*: < (15-72) ibLil (15-71) 

\ d 2 dR 2 2 1 1 d . „ rfO m 2 

p T r ~ r k r + v -r -r— - -y a sin — — ,= 0. (15-73; 

R dr dr sin a0 d0 sin* 6 

j < ul-u^o (15-73) ikUU ^ ^Sll y| Ji^ 

oik . -1(1+ l) J UjU. o^i 

li5C*j . Kl + I) J LjL- 6^ (jl O^j^ 1 ui-^l ^j-^ 1 oU V^>JI 

■5(1 ouJjUI J-^ 



sin B dff ' cifl 



<(M 1) - (15-74) 

J 

(15-75) 



3 1 



: i-j'Vl ajv^JL. Jic_j Ij^>- isj^ t (15-72) IbLli J^l*- ol 



*« = e TiM * (15-76) 



_uJ tillj t l^iijL (j* Jil J5w; <jj j« (15-74) SJiUil Jji»- tj^- j 
i^JLlJ JS JjU-l jjjo»iILj t cJUJI (J^jill j J^LLi dU: (j^ju L-ic 

SJiLil JjL>» (jl . 7'Kcosff) *jJlJ- JjOa- Jjli-I oiAj t HI = O 

iiil ^il jJlJ- Jj-^ S^-uZf ei^J « m < I < m jl-uJJ A..i.-< ^ (15-74) 



prc«) = (i - u 2 r /2 - d 



du m 



Pi(u), 



(15-77) 



: u\ ^il^JI ^ . u = COS 6? J\ e^a. 

. m * ^ (15-1) 

« c = kt >dlL r Jlo^L . (15-75) ilaLIl ^ « 1^1 



2 rf% rfZ; 2 2 



f ^ + ( ^~ - [(/ + if - f\Z, = 0. (15-79) 



iij*Z* jxJ- jjjj- ijjjC, ol Uj . P|(0) tiu^u JI_)jJl ojj> U-^ Ji) i iJliJI J j 

. dJjS' foWi j^i 



15-1 Jjj^. 

it = COS 9 C~j>- i P™(w) t iSil^il jJuJ- JJJlp- SjOjC-. 



Designation 


Function 




1 




u = cos d 


P\{u) 


(1 - u 2 ) 1 ' 2 = sin e 


P 2 {u) 


i(3it 2 - 1) = i(3 cos 26 + 1) 


pku) 


3u(l - tt 2 )" 2 = £ sin 26 


Pl(u) 


3(1 - u) = - cos 29) 


Pz(u) 


i(5u 3 - 3u) 


pIm 


2(1 - « 2 )" 2 (5» 2 - 1) 


pku) 


15u(l - u) 


Pl(u) 


15(1 - u 2 ) 3 ' 2 



(jC j^3 . JSClj f J3j i iijj** <Lbt«ll o-ia J_jis- 

J_j iJlj jikj l >--^ 1 ^V( + i./ 2 («r) _j 1/2M t>->^L. 

i f- i io'-^JJ "Neumann function" ^'^j "Bessel function" 

! A^j ^ I ^ ■ ./all) 
w 

ji(Kr) t. v / /r/2xr./ lM , nt(nr) = vV/2w .V7 4 !.*(*/•>; (l"> 80) 

.' i_jLiuJI (J-C Jj£ all ei* 

/i'f'V) ■■■ j'i(sr] \-jn t (Kr), " ti t 1] - ji(nr) - jmixr). (I. - , 81) 

: JI_jJI JJLc 

*)•''(*'•) J 3 m(*r) 3 j,(/<r) ' " 

ttr 



JjjJ-l j / = 0, 1, 2 ^ JljjJI oia . (15-75) ibUJJ 

£iJ JIjjJI oi* <^>1— 6^ ^Ui^l <>>U- JCIj ^ }U h Jljj . (15-2) 



APV) ; J -■ 

i 

<. iU-b <i>lj i^-jU 4jj_/ ol> y (J I lo^i; J UL_, 
:J^I JSCllL v^o' X: * J i.UI ii-JI 



15-2 J 3 j^ 



Type 



Function 



Mp) 

»o(p) 



Mp) 

'n(p) 



hi (P) 
h?(p) 



jAp) 

«2(P) 



^(p) 



V, - (p) 



(1/p) sin p 
- ( 1 p) cos p 
U, P)e 

U pV" 
(I p") sin p 



(1/p) COS p 



■ - (1, 'p) sin p -- (1/p ) cds p 
(I. p)c J p) 



3 



-m p 



3 



2 smp - 



P 

(J.'p)e 
0' p)<?~ 



cos p 



(■-?-*) 



o^UI uL- (15-66) j (15-56) ^d^il r l^-Uj 

3 (15-67) ^Ull r l^_! ^ ^ j t TE oU->*U * lm ^ iiil^il 



grad ^ . o ~- a r c J,r 



J -' -,' 

r Kr 2 K 2 r' 3 . 



1 -i- 



(15-88. 







1 


J 


cos 6 


— Aee J ' r 







(15-84) 

>ft j 1^531 JU^JJ (jiui^l *_)J-I 



r X grad = —&^E Q e J " 



k~ ' n 2 r 2 . 



sin 9. (15-85) 



B, 



-j - curl E. = j ~ E e j " 

CO CO 



-j - E e ] 
w 



± + J- 

Kr 2 r K 2 r i^ 



2 cos 9a r 



*r2 



sin 6a,. (15-86) 



JUS ^ iLiUI o^UI (15-86) j (15-85) o^Ul Jlf « cS^-~ ^ 
juiJ <jJI B s j E s *!>! ul ik*-}, p-A* o-j • c?-J»^ ^ 
iilfT . *^iUI ^1^1 jU j ,l>^l ili oj£ 1/r 

i^SJi\ JjUu ^-1 ^t^j S^iy j (5>-^l JjoJ-l 



ttt 



(jLXc^L <U-_jil tyLj jJwaj J*-i s>) i*r_jl' "iJjljw 15-8 

The wave equation with sources 



JjLdl 

P (r, t) LjwIII gjy Jll_ ^jJbL- j^lj • oU-^i! o-Xa LLU 4... a - jC { j£- 

oia i-l jjj oJo^ dJLa . l^^c f^jiUI JUil ils-rlj t J (l" , t) jLJI gjy) 

iUU" AijjJaJI oi* _j 4 J jJaJI liUj Jjsi I J L> Aji-I 4— I j-> J*jj 4 4JLJ.I 



B curl A. i.". >. 

Jx. J_^i 4 (15-14) ibLlL sLLdl B r l^»^L 

curl E ' rjri A >' . "> ^ y 

1 <''A • 

cur) \ E • , ' I'. '••> 

I Jjb ij US' jSUl J U i i L_j (E + ' A/ ' t ) 4j^l i_» lid ! j I If 

r ■ ' A 

'* £!.»•) - .„ • I - . "II 



i!^ ;L_J,Uiij iJL^Ji o^V 1 (15-90) j (15-87) jUjUI ^Lc 

C ^yLrf- ( _J A) J^i! =J4* j'j </) 4j«J^^JI U^iij A 4j>*_dJ _^jL 1 

<0JL,^_U » ., *a \ \ ^j£uyJ-> . o"i'Lsil lg ",ii> ^Jl <iLu ^v*-^ >_i ' " - ''' ' J>J' 4 - = T>*' 

(15-13) ibuil jE jB"^ (15-90) j (15-87) o^L^ 
: j yCj • ^ -m-^ aJjLic 



j ibUil o^ojj <. (grad div -v 2 ) i^SSl (curl curl) ^ Jajy^s 



- V 2 A -I eju - $ -f- grad div A -| « M grad - ,J. (1.5 -92) 

JljL A 4^jJ,l jLtLJ jL--^' (jlj s A a_*j1I tJUdl Jaii Lii>- 4 0^1 -J- 
«Lorentz condition)) J^Ujl-L Ji^-jAil ^ . Li-S" 



divA-f^v=°> (15 ■ <J:J) 



. ii»LJI ijli. j o>50' i^UI ibUI ol ' (15-92) iLLil j <ua^j 

v 2 A - eM = - M J. (15-94; 

: ( ^ J^i (15-15) JibUI J (15-90) JUiUI dJJJJ iiU^ll 

dk 



div grad ^ -f div 



(15-95) 



J I JUL. I, 

J* J-^ (15-93 ikUl) 
v «" e ^ ^2 = ~ e P- 05 

J* -l^JU^JI J^i-I j 4^11 ^ J^ < J^ J^Ll-l, 

. Y.liz. j-r^ «inhomogeneous» LjUju ^j. iLUiU; o'ijL 

iUlf jJ. i~>r>l\ ibLJJ JJ-I j lat J ilSCL. 

f UI JJ-I ' Sj^SlI ibUII j . iJ^U r U! JJ-I J,, ..aJL, 

. i-JUdl il^LJJ f UI JJ-I <J| UU, i_jUzU jji. 2JjUJJ ^U- (> ^ 
' ^->j-^- Uaj^i |_^JbJ iL-j LjUjJJ o^Lil J^ U 

« J^L . i^Uiil ^ iJ^LcJJ USGl 4j|_Jl ^U-l JJ.I Cj ^ i ^ J 
,.UI JJ-U _ Vr^il iLLJiJ jJ»J oljLut'i!! jj> oji 

Olj . i-jl*dLI ibLJJ f UI JJ-I <JI UU. ^lil JJ-I Jj; J^o LL 
J^JaJI »i* cu—,^ jij . iLLJJ 'i^. JjJ^ jUt"i Ls'^i Uj^-_3 

tin 



lSy-1 i^jjZ dj* J*-yj . l^U <^£JI JiLil JjJl^ 3\4i is% 



«mt,! = (15-96) 



(J^j^ll 4_klj _y& 4. Jaa ■' II A.'a«,.*]J t-~«LJ,l • ~*Uil ^t».*J1 gjyjl j 



V V- e M^f=0 05-97) 



: ^Ji\ iLLJ Jaj* ^J. 



r 2 , &"V 



\q{t) os) 



6i ^o^.\ yU i^ulU jjaidl gjyl\ 

U . (15-97) ibUI JJ- tyU (3 t iii^ai oJ* J^L, . ,Lai r 

: U^l (15-97) 

1 3 2 dtp d 2 tp . 



<p(r, t) , (15-100) 



J I (15-99) y a ui Jj 

d^X d^X 

J r 2 ~ **J t i °- (15-101) 



ttv 



ill J til il^-b 1*JL>- Jl^ ^Jl_j 4 _o-lj 

: J-*-! t lilli oU) . r - l/v'en, /\ r \ // N -' <M . jl^uU 



u - - r ■ t:\ 'tfi 



Jd(- uyy aJI-JI oJta J^iLiJ ■ U SCJJ iib Aj I J~f f("u) J**-lj 

C/ . df du df cVf ,1-f a,, d 2 f 

Or du dr "' tfu ' dr-' du* Or du* 1 ' 



(If df du _ df 1 ,r/ J rf 2 f 



(15-101) ibUI j (15-103)^ (15-102) o^Lil ^ 
('■'■ t''\''*n) j\XlJ] ill j ^1 l ^ iJjLr oLL^ olj . (15-101) 

X = /fr - l/vw -. 3 (r ; </ v 't M ) (15- 104) 

vV iJIJI ul -^j Ji> ■ (15-101) ikL-JJ LuS' V J-£ 

oo* oli i_iL' i^b . JjS'l oil ^^J < (15-104) ibuil 



y> (15-97) iljUJJ ij/ >L_- ,> :>l*M o'^l JjLdl j 



(15 105) 



jl^&i u^l j\ ik»-*$ v-UI jl—^^l j^j, . Ujt (15-98) ibUI 
: ^ (15-98) j (15-97) o^Ull ^ r >_JI 



* 4 L 05-106) 



ttA 



jLj^U iiil^i. (15-106) (15-105) JIjjJI J*^ ^SLil ^ 

fir -t/V& = (15-107) 

: ^ (15-98) j (15-97) o^Ldl > oli li^ 
^0 = ^-;^ - (15-108) 
: ihUL c-oi^ ji (15-96) ibUll o\ Li^j « i^jiJI .j^ 

«<<■<> -ffi/ F ellii ir^f= J1 *'' <«««> 

. "retarded scaler potential)) j^l j^J-L I^jl jlk. <jJi_, 

JJbJ . (15-94) ibUI ,> \+J6 iiUI LiJJI 3b£| 1 ::<> 

s>L. UUI t^^Jl o^Ul . Y,l s^Ludll oUyi J I j j A oU^il 
: xiSJ.\ ibUJ . (15-96) ibUI J I L> : 

V 2 ^ - e„^= -f^x. (15-110) 

14-ii aJjUII <> iiijkj (oli^l o"51jU-) o^jUI »i* Cr* J* if±3 

: J^l J^*J « (15-96) 

. "retarded vector potential" t ^il j^JH o^J-l 

OU t i>0 jj r LLj*, ikii j o T (15-112) j (15-109) 



J^l 

ACjwjj r JlsAI i kn'i <J I jJUall ^ JUlj^J fj}Ul tjojJI <5jL-i j'-^ t 

*i\ Y Jju 4^~*J~ 0^5^ Ji*-*" I -XA uji < oUti O^aJ JJ 

£oLJ! jollJI j^ZSJ-j . jy»jJi (jl^JLi I Jju r\/e/x Ifc jl jJL« Sj^j *U<ajLjl Jl«u 

* " 6 *" " 

LiJj UsLjjJ (jLkjjj jLlJI 43115" j 4-LstUI isl^S" o"^ lj— iuu j£\ U Ujj 

div j + dp/a* = ) 
o^UI jUJ L^Lc t 4^.^111 jl^J-Ij *^il jLj^^ 1 -**4-l ->UJ -^jj 

oJLftj .A <i^elil cilizJIj (j^-jJI 4,a j 'LatL.'iUl J^J-I jIjl^-I |.|jc*JL«l; 

JJLil J_jl»- j iL*LJI 5^> lit oift yb jjt-Jiil _} . 4,1 .,r,C j*j ^1*^,^1 

(J^-1j : jvJLt (j-jLJI (J^aill : (j^jlill (jJ «•» 1 1 uj£~- - (Jp'j ' l-« J> -ll 

(3 ' <3jL^ jjjj>>j £ijy o* ^Ixi^lj ^iil jJjL~« <L«Ij.> 



(3 j» r^~o\ ul <J I io— lit o,o..f„ . C Ja-j . g Ujji iJL^j^J «bJ1 

JUI (_^) . JjUJI j ^Ij^l jU j^ji (o) . ^.jjj ilb 

• JjUl j ( _ s ~i>L*il 
iiUT Jl ia-lj^l jLj x\Z JjU J*^ Q ^50! ci^J 15-2 
ti 1 Jyxll SjjU-I i?-^ jlizij ilU- J JL*£JI oi* Jjjl_j . J-^s^JI 

:J^I 

: iJ^I olj^jiJI jlLc c-j_^53J_5 ^U_)U Q >«rjl 

/ = 1, 10 6 , 10 9 cycles/sec. 

.' i-j> *ii I A*-w«aJL sLk«». !j o»j olj i=r>« ital** 15—3 

d 2 E _ 

c-li .U&l ji E * afS ±\ oi <»l . JU^SOl JUI a*^. jlai. E 

: q^^*JI <i*j oljjidl JUL . y ^Ij^l UL < ^a^ilLj 

f = ( + "\/eiu 0, 

s^aii ^uai oi* . j^lsCzji ^ j^jj- o-^i ij^u. i ^ 

A'(M) = EM) + E 2 (vh 

■ jIljlS (jUJb ^ E 2 _j Ej u' 
^ JjU J^j j JizJ ^^li j^jji ^Ul ^ 1 5_4 

iiUJl ^1^1 ^| 6 | ^ . 

4*3UJI Jij sILl* rr^ ^ j& ~*=ry> 15-5 



E = iEo cos w(\/ejt z — <) + j£o sin z — t), 

{ t >Ldl (^Ludl JUI J^rjl • till Ijl^s- Ji£ E D 
IjLj J-fcjt A is»Lw.j g bbjji aJu-^^j ^jL7-~. jjjt. (ilL, 15-6 

J-vS' . (ilLJI jJau. JLLt ojljuL.j cfJlLJLL;^ 4j*JL. oLfl Os-jl . I jji I 

. L ojji J_jJ» oli 41* inJai! (iU-JI £tk- Jp- ctL^JUjjj Otli ijj^**]! Li" JtS 

<J lyt jj £ 'y^UI ^ 4 j*l ^,1 4 *l U yij'SI ,J 15-7 

« i^-^ JXIj a,. l.r. 11 ULkJI c>\ Jo J\ ■ 1 300 watt/ m 2 

j\j2* 1 c (_J ■> y**' l^Ja o I (_/J ' ( j j ; r>^ cJj-^J^ 4 , t»S7iu« 

J-t <Sy4: 4ala.M, oO»->J a>a-)l l>* l-^'* 15-18 

F, = P K + J X B, 

c (14-24) iJ^UL HUdl i^U^I iilkllj J^L o^l~ 



01 



F, e ^ (E X B) + e E div E - - e grad (E 2 ) 

+ £ (E • grad)E + — B div B - ^- grad (B 2 ) 
HO 2M0 

+ — (B • grad)B. 

MO 

. (g^J.Li.j^CJl JUI iiltf r l e„EX B 4^)1 .J* UU) 
. z ^ijbOU ^^ll e U^L jj^S B yl E x _, s>f ijjji^. 15-9 

E - iEo sin — (z — ct). 
A 

. >7jj>l J» W Ji^ (>• J^tj 1 A J*^l 4j*lil 



i^*^ o^i (A x , A y , A z , w/c ) j (x, y, z, jet) oi^&l * 15-10 

: ii-^aJb SLkxil Jjoil ul • jLio^I yf^j 

^ . . = Hi" _ ^Ai 
ul eflli J I UUI . (j/c) E j B oL*> J^" 




dXi dij dx k 

^ olJ = p =0 <j£z ^ JJJ, ,UiJ 15-11 
divA-0, V 2 A-i^ = 0. 

^ j fi^jJ = ( p =0 OjfcL J*-, j 15-12 
<y ul .P = P(x, y, z, t) ^yj^U, £yJi 2S\x> P uAka:..,,^! 

. (^A Z S.iy^. iJb <y JjySl, O^jll^. Jli^l t yCJ.I 

: o^Ul Z Ji* 



E = curl curl Z - — P, B = 4 curl — 

to c 2 dt 

ij^J (jf j t < = «0, J = 0, P = o, I- Ja-J j 15-13 

I <y ul> jw*j • M(x, y, z, t) illJU Ja.:.;., : ll 



t<JT 



B = curl curl Y, E = —curl — • 



(1) E = real part of curl curl (Fa), 
B = real part of e/i — curl (Fa), 



(2) B = real part of curl curl (Fa), 

E = real part of — — curl (Fa), 
oi 



A^jt^ hr-y italw j^iai F _j ooU *^z* ijs>-j Jic a i^. 



tot 



APPLICATIONS OF MAXWELL'S EQUATIONS 



JJ- (JjLJI J-alll j i?- JjySL o^jL<w Jjl?- fOs^LJ cij- 
pill JjL—« '. JjLJ,I (2n«Ic j_^iu<3 ltj-^ '-*>-j ' <Jut I oli 

aJ^UI ojjJ-I ^ i^Uiil i^^il iJjUl J>U ojfjl <. JJLU 

o^ULI 

<uJi J»>J» £• O^UI L^J Ji3 Jpl O^U-I liUbj O- jU- oUy t^fc^jU jJI 

eit^JI CjULJ.1 jU* — 

"^U (jlil jLJ _ t-t^j JjLil ^ ctJtS dL*j 

J^L- j I^Uj— ^1 ol)_j—a!l L-j£j jl t La l*^* u^vJ— -kjj-l!l o-Ll 



Boundary conditions IojjJ.1 i>^>JI 16-1 



div B = 0. (16 -1) 

J£Ll)l (j (Ju^ IjS'j uUa-j ilro (_Lai; ^lx- c5 ' <J°J*i 

IJy ijJ-\ f?J-\ Jyr- B 4j*lil Js-lS J.C JleLjJI AjjJxS J^JaJjj . (16-1) 

if B nda = f B • ni rfo + f B ■ n 2 da -f f B • n 3 rfa = 0. (16-2) 




jUtu r j«i_, jjj . j_oUJi jvkji j^c s-un ^ 16-1 jsjji 



jj-l j <iUj 0^9 _/i-<aJI (jj h Lilts- j 1 0Jl< B (j' j» lil 

: jji- ^Lm-Lj i j LjLt'i! I j k ' ■ n j _j n | t^-^'-JJ 

«i» = B 2 », (16-3) 

La j 1 ; V.'-—* J*>. vi JL>»il i^ljil Jil U-L« 1,5" 



(16-4) 



: g±> (16-2) J5CDI 
/ curl E • n da = — / ^ • n da, (16-5) 









/,,* , 







jjoAI A,^ j^-Sl Ji ^ J^,UJ| 



J£JI J~l^_ jL, 16-2 



: J^aJ- jv-j^I <J ^Jl J* «Stoke's theorem» 1j,J±> j. . U- ; J 
«?i< - «? 21 + A,£',» + A 2 £ 2n - A,£' 1B - h 2 E' 2n = - [ d ^-nda. 

J S dt 

(16-6) 

SIX ci>JI ^^U_ 1^ tJ ^1\ ^ ^1 iu^l 

: J.i J-^ if Ul 

#it = E 2i . (16-7) 

. J^UI ^1 oil j,* 
' ^ O^i ^O* 5 ^ 1 i^lj^J ijJjwJI IJjAi (iJjaJ-l i^JJI jj 



Lj^Ij t (16-1) J5CUI j \£ SJlJI J5CJo iS 5 ji lilj 

of « (^J-l li* (16-8) ibUl 

J div D rf« = ^ p (ic. 

(fin - D 2n )A = a A, (16-9) 

jviJ I I Jtfc (j O I J»JuJ I (_^»-»J i_J_c "l! I rLg- I jju<a (3 J l—~> 4«'.a> >*lj <Ua»U^J I 

til i u>^j s-*?^ iofclJI ol 1 ■ !»■•»•• ^ lit 4 <iUi . 

div J = - %> (16-10) 

at 

J^LSvJ jl ji. J_c. ijiUil o-U* J^tSCoj . iLji.il plla ; V.JI Joju p\ J s r \ Lu5T.»,..,i 

: s l^-jj iuLJI tSjjiaiL <JjJi lt^^j ' (16-8) iLUll 

•An - ./ 2 n = - ~- (10-11) 
i^jJxJI iiUSCJI _^0" jyu-Lj i Jafi ,yr>ll JjiaJ I (i-sU-f ^Li I Jo j ^ 

oils' ^ (6-11) ibLJI ^1 jJ."l 6li IJ^j « e"'"' 1 >^ i^JJ 

: 4.-LVI oU^JI Jjisi^U . jfjff 
D = eE, J = q& r 



Si (16-1 U j (16-9) o^UI gj» 

*j/i ln «v/V 2n = c, (16-12) 

ffi^in ffaA'-in --- jaw. (10-13) 
cSjLJ ff oJ 1 ^ SiU . U^JI i^UI ^ i^il o^Ul ^ 1J£ ik^^L ^ 



ti5A 



01 = 92 = 0, or ao. 

1 ^JJ Li c-J ijl^L ywU^I liiS" L^i j^SCj jjl ilU.1' oj 

0^-^ c^Loy.]\ US' <J L^J (ji^LJ ,dl <JU-I Li^U (>=- j 

(J-I'j) I (ijLJ ^ c c*ilS" lili . Oy-^~r yUjU OujL. jjjJ-I jUc 
j (16-12) uC.h\A\ ^ (U^ jJfVl iJU-l GjSS Uj 

: 0j£ li* i^Uj . (16-13) 

(" "' < ,& -"> 

Zfy ' ^ £3 ■ toj>" L^V 5 jul. (16-14) ibUJ 

: jIjoIL Vj jJ| ^ ^>j-j (16-14) <bUI 

M2T?£ln - Ml>2#2n = 0, (16-151 

: ii-^JL Ja-uj jll^l ooL5 JJLt y 

7 2 = + jco^, (16-16) 

oyZz Ujuc uj-u^ ol cf-i ■ (15-47) SLLil j Li 

. (16-12) j (16-13) 

curlH = : T /ir 

dt 1 J (16-1,' 

la* >l I j li . (16-2) JSLlil J A^^ilS JU, jl_c Sjo^I is- LI I J^, 
iiijaJ-1 i, Jli t L,L l^t L/ jUl J 0> iL5C! ^jjo- ^j^lj J>l£J! 



to* 



Hn-H 2t = j.±, (16-18) 

H .U| i^^i jLJi ^ j si ^ 

^Li.ti.,,11 iiUSOJ iiUu J I L>^4j iy.Li* j^J-J i~sJ»J! iiU5CJI 3 ^Sls j 



# it = H 2t . 



(16-19) 



CSjLo yOa^JI ^y}\ J-^l ^ > ^ (16-19) iLbLllj 

t liL |/j t ajL^^L. c$jU; j^l J^^D (jC^Jt J-~^>>Ji 6 IS" lili 

#2n = 0. 

Ja-^IJ (16-17) Jj^L. aJ^L^. j., la"; j Ut 1 ujOj 

: jUI 

curlH 2 - - dj i = J 2 (16-20) 

1 

curlH 2 . (16-21) 



92 — J03t 2 



^yJI *L^- 6^, c$iJI Ja-^LJ l>* c$jU E 2 u* 6-21) 



tV 



Ja^Jjl ijU iHj lili . Hj (^^j tiDiS" ty-^jj E2 oj 

(5JJI J-rf>U C5 ^j jj- H ^j^iLiil JLAI S-lU ^L-lfil i-i'j-il t^jjoi-l 

H n = j.±. (16-23) 
|Jj» j ^jX^. jjl Ji- i^J^Jl isjjJJI ail 

( J = 00 j j = ^ (16-1) J_jji-l j Ssrj-A* JajjJJI oJJ» ojj ' (J«ai3l 



01 = 02 = 
ff2 = 00 

gi,02&rb. 3* °° 



2?1, 


= J?2i 




= 


En 


= 


Bj 1 


= 1?2< 



16-1 JjjJ.) 





Hi 


B n 


£>2„ = 
»i, = o- 

(«-£)*■■ 
-(—©*• 


Ha = H21 

ff 2( = 
Hn = j.x 

Ha — H21 


Bin = B 2 n 

B 2 n = 
Bin = 

Bin = B 2n 



Reflection and refraction at the boundary of two 
nonconducting media. Normal incidence 

— U. I I Jx L;J>*i Jai—J *J>^~-« t^W>l> Ji-Jlj (j-lS^oj^l o!!iUU-« 
JjCill oJ_cLf A_j**i_jJI <s-L» l-iw>i . LN-ljL* LC-I»-'J (J-^LaJI 

" (16-3) 









e 2> C2 


Ei. 


E 2 . 






E 3 













H 



jU->JJ tjj^l ijiUJ jjijlj ^li^l . 16-3 JS^JI 



JUI j i^il o^y" H 2 j E 2 j z </-^ 

J^>UJI ( _ J ^JI ^k_JI i»-U . siiUl h>-jl\ tjXk+oy Hj j E j j z ^1-*^-!^ 

z JL-iJI jll* xy _ t5y_J! J* 

: o^UlL x ,J\j^y\ ol^L "polarized" ^U;:...n iJL^Sjl 



E a = i« I0 e y( ' li! -"", 
E 2 = i2J 20 c-«""+- , ' f 
E 3 = i£8oe*" M,) , 



(16-24) 



K 2 = C0V«2M2 



(16-25) 



o^ll^JJ s>U! i__J,Uiil o^Ui c-^j .(15-39 o^Lli Jw-'tf) 

: Jjj-^U italic iJa o^lcl ij A-jUj^SCll 



curlE 



SB 

di ' 



(16-26) 



(16-26) ibUl oJ» ' (16-24) Ibuil j ^il ^Jl ^ iJL^sai o^U«JLl 



t"vr 



,dE x 

J -gf = WH = jutxHyj; (16-27) 

: y» t (16-24) ibUI j .^1 j 
H, = jvTOl£i.oe'' ( " ,M0 . 

H 2 = - j\/i^J5 2 ,oe- ,( " 2+ " !) , (16-28) 

h 3 = jve^ w 5 '" 2 *-" - 
(16-1) Jjoil ^ JJ.I j JL~.il io,jJ.I JpjjJH tiij 

O^U^iJ i^l oL^il Oli iljw CijUi yftyJI J~*>JI J\ C^- 

: jJ- z - aJU- j J»jjjJI ei* j,.,.l a .r. IJ . o^UJU i»jj»*JI oL5^il 

■#1,0 + -#2,0 = -^3,0 _J y/tl/Pl (#1,0 ~ E 2 ,a) = Vt2/M2 #3,0- 

(16-29) 

J* < E 30 j E 2;0 o^UI oJj. J^j 

p ... V*l/Mi — V*2/M2 p . p 2Vti/jtfi „ 

vei/Mj + Ve 2 /fi 2 V«i/mi + V e 2 /M2 

(16-30) 

iWjb siiUlj LXail oU^ i^o^ 1 ^ (16-30) <JjULI 

oi* . Ja-_ji) W>l>ll parameters f Li I iJ^ju (iUJ^j iUiUI oU-^il 

. (16-28) 

J»U» u]i <«-J-cj Mo, J I ajjLw # jl^il ojlj . L5yi> i»L\JI 

n = ViT^o". 

Hi = H2 = n , 



LJ^I i^L, n iWa, (16-30) ihULl jj-JI 



£2,0 = n x - n 2 , JE 3 ,o 2wi . . 

#i.o «i + n 2 ' E llQ ni +n 2 ' ( 6 1 



« reflection ^isCc^l J.l«, T n «tronsmission coefficient)) 

: yuj^l pc^il R n coefficient » 

R n = = (^-^Y . (16-32) 

'• 6 1» J^j < 6\>^ 

Ei X Hi "1 V*i + "2/ 
oli c n , = 1 j n 2 = 1. 5 ^ ' jrWjj t« <> u J^lt^ cH j ' 

fl„ = 0.04 J r B = 0.96. 

ji t juLu ji ^-SC-J oi L.J il»*Ui yikli j-?- 6,1* ' j*V-* y ^ ' 

. J^UI yLJl ^kJI j iilkil 6> 6lS^ ^r>;^ 

c (16-31) i_bl*il i-kfl-!5L. LftiLatJ ^ i-jLeJ 4_*f i-jLi»-j 

(16-31) ifeUl 0- V-^l ul* n 2 <y js^l n, oJtf J « 

j^JaJI j jytJ J&rx Crf j ' **^ <j*^l Ja-^II o* cr^^' J>^ 
. XiLS" jtS"Sl! Ja^^JI ,y. (j-l^io^t -Uc t.i.n.JI LljjJI 6* 71 •jl-*** 



C^Ley 0" J-»UJ! jj» I JUc jLSj^lj ^-IS^I * 16-3 

JJUI i^Ulj 

Reflection and refraction at the boundary of two nonconducting 
media. Oblique incidence. 

i-ljj oj ■ Jjl* ^ ^ ^J^, iL'L ikiU! oUyil 

: la^r iij^ U^j J| iJU-l oi* 

<jJI «Brewster's law» >^ ^iS^l 6j jU, «Snell'slaw» 

Ol i» Jijj . (16-4) il^jo <_i*>^ ^>il lii i.UI 

<J~*-jJ <^ij < XZ y» o^lj ^ j ^ K i 3 K 2 3 K \ jt^l ol^Z. 

iJ^^J! o^IUI . *UI ci^iUI li» j ^ l^L E 3 E 2J E, 

: SislJIj LXJIIj iliU! oU-^jJ 




E x = Ei, e 



E2 
E3 



E2,06 



J(» 2 T— Ul) 



E 3 ,oe- 



j'(* 3 t— »i) 



(16-34) 



E 1>0 = Ei.oCicosflx — ksin 00, 
E 2i0 = JE7 2 ,o(i cos 8 2 + k sin 2 ), 
E 3 , = £ 3 ,o(i cos fl 3 — ksin 3 ), 



(16-35) 



«! = w\/fi^u7 (i sin 61 + k cos 00, 
#c 2 = wv/eiMi (i sin 2 — k cos 2 ), 
k 3 = toVe^ (i sin 3 + k cos 3 ). 



(16-36) 



J£J (S ^J,Lil\ JUI sjlI jUtl ^ c i*->JJ (iJ^^JI J»_jiJI j l/j 



curl E = — — = + jco/iH. 



(16-37) 



j^JI (J * ) (JUd^l Ljy>; ^ (16-37) ibUll j y.lkJI cilizW ^ ^ 
j (16-35) j (16-34) o^UI j sUa~ l/j v^^ 1 c^UJJ 
sLluJLI i_*LJ! a..;..,.saJl oli oL^Jdl oLuJI 4 cUi j->j • (16-36) 
c J*^ i*^ Jl jj^ JS^ io« (16-34) oHjUL 



(16-38) 



curl (Af , '" ,r ) = e JK T curl A + grad (e' K " ) X A. 



grad e 



(10-39) 



curl Ae }K '' = e ]K < curl A + j K X Ae ;, " r . 



IJJ 



(16-40) 



j ol^sfclil (ja (jl iks-^j t (16-37) itaLil £• iijLkdl oJ* fljlAX-Lj 

: of t ooli (16-35) il^ULI 

Kl X E ll0 i^-r-uO 
111 — e ' 

H k 2 X Ea.p ^-(..T— o ■ (16 _4 1} 
<*>Mi 

„ *3 X E 3 , ,'(« 3 -r-»() 

xl 3 — e 

COM2 

. Z = JlLc JvaLiJI ,_^-JI ^kJI 

: iS*i\ li~U\ (k , = k 2 oJK UU,) 

1>0 cos 8 ie *"* sin ''- ,) + £2,0 cos d 2 e^ x sin 92 -"" 

= £3,0 cos e 3 e*' 3X sln (3 -" ,) . (16-42) 

ii~*aJlj iJoUl AilS" e _y "' dJjLiil J-UI (JJu4j 

: iJ^II 

5,.o cos e ie j " lX 8in '« + E 2 , cos f^e'" 1 8in '» = E 3 , cos 3 <> 3X sin " 3 . 

(16-43) 

Oli t ^1 J.UI J%- x J* a^*: (16-43) ibUl j JJa . iiK <jl U 
(ijLj (y> x ^Jf (16-43) ibUI J*^ ^Jl sj^JI ii^yi 

: til ( Uj_,1l i-^l o^LLII 

*ijr sin 0, = mx sin 2 = k 3 x sin 3 . (16-44) 

sin 0, = sin 2 , Kl sin 9, = k 3 sin e 3 . (16-45) 
: ii^UI ^y+y ^JIC t (16-45) ^ J^l 



« = J n = \ /v'.A",,,. 

: ijfill ii^L l^l^ ^ (16-45) ^ JLjUI ibUI oli 

Mi sin <?i = n 2 sin 9 3 , 

i^iUil oL_jL<-. ciUL* cJljUj . jL^^^JI JU«JJ i—.^! i^^i' 

italnil j (16-44) iLLil Jaiy^Lj li* i> ^ L^Lll^I 

: jJ- < ~S JLli\ J^IjjJI jLa^-Lj <. (16-43) 

E uo cos 9i + E 2 , cos 6i = E 3i0 cos 3 . (16-46) 

j E, _» J2*£ ul (jJlj sj»-Ij (16-46) ibUii 

1^1 >zJ ^ t u!>T 6^ <^J>-^ 4 d!i J I iiU^j • E 3>0 3 E 2>0 

: iJLj^SCll i^lj^ i^J! IS J.\ W 1 ^-" 1 Ol • *--J9L^il 5-^ 

-« t sin ^iA'i.o f «i sin fi/i'2,0 -«2 sin 9 3 #3.o. ( 1G 47 ) 
: o^JI LS _ r LUJ.I JUI 3aJ iL-ljll IS J.\ hj\ <J*^ J 
v'ti/Mi ''-Y-> - v/«7//ii #2,0 ■= v / < 2 />s ^3,0- (16-48) 

: (16-47) 

\ «iMi sin -f V'ei/Mi -nAiMi sin 0i-£ T 2,o 

-= - V'«2M2 sin 9 3 ^3.o- (16-49) 

: 0! Uj 

i±A\ J I (16-49) iJ^Uil jUc^i (jCJI ^ J*jt J~— dyXi uli 

■ (16-48) <bUL 



j (16-46) ^LUi! ^ E 1;0 *nU E 3>0 3 E 2i0 ^ 

: ojSC- i*JLjl c £S> jUtl ^ il^j . oSl (16-47) 



^3,0 
7? 



i,o € 2 sin0 3 



2e t sin cos dx ,. a 

i _i . — =— r — (lb-oO) 

3 cos 0i + ti sin 0i cos 3 

t 

j • oiUI Jb^SCJl JU.JJ 

^•O — ti sin 0i cos 6 3 — 6 2 sin 83 cos 8 } (16-51) 
Ei.o ~~ e 2 sin 3 cos 0! + e t sin 0i cos 3 



i cos fl 3 — <sin 0, cos 0, 



^ (16-51) 



-^2.0 _ sin tfj cos 1/3 — -wu ums p 1 
A'1.0 ~ s:n § 3 cos 3 "7 "sin ^eos 0, ' (Hi -o2) 

«n (0, + 3 ) cos (0, - ds ) = si,, cos ^ + sin ^ cos ^ 



sin (0 



1 — 03) cos (0[ + 63) = sin 0i cos 0, — sin 3 cos 3 , 

: ijSlI J I (16-52) ibUI oli 

(Ui-."v!) 



tan (0i -.V. 



K2.0 

E 1 ' ' tan (0i 



IJ^ t tan (0 , - 3 ) = jli f 1 = 



= , oJlS" lit* 



IS' lil i <Ljlj jiaj A4^-_3 • ^J_J~< 5 l>-J£-°-^ J>c jjUa—jJI O^-t 

0, T 0a = */■-'• 



tan (0! + <? 3 ) = x 



jyl ^SCf 3JU-I eJJb (j j . (£ a ja I yu<o <L«£jijJ.! O'j 

^ + 3 = ir/2 

ri! sin fix = n 2 sin 3 , 

: (.la.jL.L_, . fi, iJ iL^j t^Lx 

3 = tt/2 - 6x 

: J-^- J^— 6>jli j 

ni sin dip = ri2 cos 6\ v , 



tan lp = ^ • (16-54) 

. >~>^ 6>sli (16-54 ibUil) jLS^^I oU.U-._j ijljJI 

^ o^U_ ^ i^jJjI*. uUii (16-51 j (16-50) o^jUII 

^LX-j^l ei-*^; L^cj-^ jJlj i «Fresnel equation» Jj^j o^jLux 

iUtl LlSCc o^jLII „iA . LJl^ JjUl < _ Jf uJI ^kJI 



^ _ Eg X H 2 _ / 6i sin 9i cos 03 — 62 sin 03 cos 



l cos #3 + €2 sin #3 cos 0. 



(16-55) 



E 3 X H 3 = Vejj l 
Ei X Hi \/i 



g2/M2 ( 2e i sin t cos g t \ 2 

677mi \«i sin 9i cos 6 3 + e 2 sin 6 3 cos fl,/ ( 16 ~ 56 ) 



_ tan 2 (9i - 9 3 ) 
* - tan* (0i + « 8 ) (16_57) 



j, __ 4 sin 3 cos 2 X sin 0! 

sin 2 (e t + e 3 ) cos 2 (ffi - e 3 ) ' (16-58) 

Soi J I SiiUI i^llj ZJU^\ i^l! 5^ ^ J*" o^" qI:;,.JI yUU, 

. 0>)lii J^U- 



(ij^l J^UIj J*^ ^_ ^ ^iSUi'il 16-4 
Reflection from a conducting plane. Normal incidence. 

c> '^>** ^"L. ^>i- oi>; LiUi^ij ^is^^i 

y*j jUJI J^U iiUI ^ « (16-3) JSC^ll 

i^L^sai o^iui . g2 jiui ^ j^^ji 6 j 

j (16-24) o^UL j^JL H 2 „ E 2 3 H ,> , w^Liil, 

: . (16-28) 

E, = i^oe*"—", Hi = * 1>oe ««..-«> 
E 2 = iE^'^, h 2 = -jvCT7* a>0 e-'"..-H.o (16 " 59) 



tv\ 



: cij'uJ (15-48) ibLlL ii^. y 2 



7 2 = a 2 + ifa = V&> 2 «2M2 + jwff2M2, (16-61) 

a = Tcov^ [i =F ivT+ toV« s «^] 1/a , /» = • (16-62) 

oj-ll i-j-lfll oLi^il SjjI jn ,v.,.rl y» jjui! ul» < (5>>-l 

E jL^50l JUI 

£i,o + ^2,0 = ^3.0 (16-63) 



Vex/fii {E uo - E 2 , ) = — 2 '-E 3 , . (16-64) 

<*>/*2 

i^itaLJU (jo Lie ^1 JJ-lj . oiiUlj oU-^JJ tt_ j ^^irfjJ! ^ <_aLj£ 

: jSl <>u (16-64) j (16-63) 

„ _ 1 — (Ta.W^V^i/ti 

'•i' <■ — ~ ~ r ~ '< 1.111 

1 + (7 2 /coM2)vVl/«l 



3 

(16-65) 



#3,0 — A'i,o- 

1 4- (7 2 /o)M 2 )V / Mi/«i 



J I _^aw£ (16-65) <Jj Ui! o\* I -v. J ' 7 2 ^ 



£2.0 = -#i.n, £ 7 3.o = 0, (g 2 = 00) (16-66) 
ul jil>ll • J«4>>U ci I -^^J ^fSiaJJ ikiUI iilkJI JS' (jj 

o^si iiu-i 

^» 1. 

a 2 = VW2M2/2 and = Va)^ 2 M2/2. (16-67) 



Ml02 



(16-58) 



: j^l t (16-68) ibUl o^U LjjJ lilj 

ff 2 /«*i » 1, 

ia_JI ^ JS" j Ij-uT (16-68) iJjUl j o^-e>)l dr-j-M 

j Li_jjJi* (1 +j) J-c- ,1a,,.. II i*_~OJj . 4_o L_J- I 4_j-UI (j» 



M2<*> e l 



M 2t»>e i 
M1S2 



(16-69) ibUI oU l^fti-.o 4jjjJ-l 4....5LJI Ij^yLt I iilj 



#2,0 

tvr 



i? ll0 . (16-70) 



*L.j)I J otei-SUJilj iJLiUl c^-j^l oils' . JrfUl Sjs^y 
i (E j >0 ) jl Saa J I (E 2 o) jl-ii* £y *j J^* «j ^ <-Ui u|» ' 

: lii 



iJ = 



|g2. | : 

l^i.ol 1 



(16-71) 



(16-70) ibUiL yUll f lo^lj 



1 - (1 +j) 



/2ju 2 (oei ~| 



(16-72) 



R = 1 - 2V2(m 2 /mi)("«i/?2). 



(16-73) 



ig,= 5.6x10 7 mhos/ m Ujji> y-UJiJ g 2 Li 



JjLyU (il) 10 lu sec _1 .jloi. ujU R Li Jtf i6, = e 0i ^2=^1 
Js; <jJl olwjai i)U jj . R = 0.9997 ( 3cm .jIul. ^y J> 
til yl . f UI y-l£u>l aJU ^ jtfl L^JI 6_,5J Lill <ilL" 

lij . W ^ ^ o>Sv ci-W ^1*^1 iJU j J»ii r >~J^lj LUIj 

. Lot jJI oIjj^tlU SjUf a-^T d!iUo^4 le y .yall Li_>Jl 



: ojl>Cj iJLa^ ^I^J! ct J . j^j^ 1 16-5 
Propagation between parallel conducting plates 

oU-_jil jLLj! ^-jjll- ; "waveguides" i^-^il Jj^j L jjj ijijuS' 
i^u JwJI •*->' I* ■ Ut* j^^j (jjJt tdall iikJil (16-5) 



tvt 



oUy (J yi-\ o y ■£ r *al~, l^li i y=0 J*JI JlU- £»l>ll J^c iJUl 

gj'Wi/ cos «+z sin »—0t] 

) 

(16-74) 

Jl'i—V cos S+z sin 




H A^dLI oUaii^j , x ^1 jlp-SU Ijl^ Jj^l oLkii«^J 

J> <_» _^<j . (_~JjiJI J-C ( <Ui j« r,u» 4 V> \^ju> olyy ) TM _) ( j) «.7i„» 



E - i{E x c n " {y cos ,4? f : 1 + E 2 e n "- y cos •+« » in "-"'} . (16-75; 

J^>1 jjoil xs. E t I ^k; t y = (J\ v£ 

A', = -f; 2 = £. 

E =, \E{e'' y cos 9 - e -''» 008 V ( " sm *— ». (16-76) 

c-lk^j IJj>j . t j Z iilSG y = a E t_j~ < tiUi <J I iiU^'l 

«a cos e = ri7r. (16-77) 

l$»J^aj (jJI ^_jlj>JI ijj^Jj ' w "J-^" <j**-" J-5_>l " = a '/ c <J-£- (J^a^- lij-j 

i Aj^jI^JI ei* 0_^-L_j . (16-77) italull Jij iiitt y ^yljj^i £. Cjlj>-_jil 

"p = c/sin 9, 

IJub uj ■ «free space» ^JJaJl *UiaJ1 j fr> *aJI ic^- ^ j6\ \1 b ^Jl j 



" k sin 9 sin 



(2tt 27rA , . 

j . z _ oLf)U L_jb 

A, ^ „ X '' (16 79) 

k cos 8 cos 9 x ' 



jl^£JI JUt i*J T ^ Jl^l oia . y - «l*)U JL-JL 

'jSlT (16-75) ibUiL Jl^il 



E = iE'sin^e^' 2 "'^'-' 1 , (16-80) 

Ac 

: iJ^] (16-77) ibUll i^t <^>- j 

: ot s^L. E^-i (16-79) j (16-78) t^LLlI t yj 
I,I = I. (16-82) 

x 2 , + x? xg 

<Gl jji 4 (16-81) aJjUII j n = 1 <_> ^1 JjLL ti-Ulj t x c = 2a, >jj 

u^SC i)U-l oi* yii . (16-82) js»£ ySCJ t UL IjIjjl. l/x 2 

^^'1 jIjuII (j^sC Cr* ' Ijl^ (16-80) iLUi! j z J-L* 

AAj jJaj i Jjt> ^jvLl! . L— I *^jUaZ* IjljuL* ^wsA*_*« Z A^-_9 Ow*^- L> Ju Jji^ 

f. •* 
: ojj . 2 cSjLJ n Lii^l liU . UjLLl;! ^ ^Iju z eLfL 

X/; — 2a/2 = a 

J_jJ»1 y> «cutoff wavelength » ^LaJI a^->. Jji» . « l*J»i » <£jl\ i c 
. (n l*-l>) Cry- «mod'5» Jl>^ jJuu_> ol o 5 ^ gr^-^ 

l3 1 X c J L_jl_* (jJJail *U»ill j (_yT>ll Jj-laJI 0)£< It-LLc ijl^NU ^w»J 

i «phase velocity» J3 Li\ icj~ ^ j-JI oi* . =0 Uj^c 

ij (_t Lo_.*^ I Oj-bj . i=r>ii (J-C- CUjIj j_jJ» Cjlj 4jaJLj i CJ*-*^ (Jf^-J 

t jSCx *5! <jL 7w»_jj (jJI jjJiJ lytLb UaiLj Jlc II* oj* ' Jl>— U 

« J f * 



. 2jE j I jill Jt»d E c r .;< 

tvv 



Ji^J c-ljLMI oli . «group velocity» jLL 

OjJj J*eU- (jj • UaJI iiliS" uU- <,j*r^ iiUaJI jLHij icj^ 

ScJujj <UyL> jl 4jlUl yiuj Jl* ixj^jil ip^. J iitkJI iillS" 

<^ yiyi jli^l jlatj LlJ^ loij . «Poynting vector» 

. Silkll is US' Jx <i^J>J 

curlE = - ^ ■ (10-83) 
: .E JUI SjuD (16-80) ibLdl f lA^Lj 

B(r, t) = B(r)e- , '"' > 

: jj- 

B ( r, = IE' -f si. ^^""/^—i +; ^2 Icos ?B/ e ;l(2«/V-'i 

(10-84) 

: y» a»LUI isl^ 

w = J(E • D + B - H), (16-85) 

S E X H. (1G-8G) 

j^-^j (jl l j^> S j 0J uL> jux^ . ^-^Jl ctLU J5CJ iJi-Jji I flj^*il 
i3 *il o lx,.-«5CJ \ coils' lij . I^oju L^?Lj o ^iuj <uJLuiJ-1 

t (16-86) j (16-85) ycdjLJJ i^jw o^j*il ^ i^^l 

ii»ji» jy.**»iJ <5-uuJl JJjJI oL^iij iS-^-\ o\i 

: 0^ lilj 
tVA 



Re/Re ? = JRe/V 



(16-87) 



i^SOJ ^,_>JI J^yd! J I ibUI ^ ^"51 1 cj >JI J^il JJ-I > Ji 



?o = i + J'? ' fo = U + jv 
Re/Rej = (ucoswl ~ v sin «<) ( | cos coJ — Tjsincoi), (16-88) 



0' J 

(16-89) 



lim ^ / sin 2 toi <f£ = J, 



lim ^ / cos a>£ dt = \, 

T-,m 1 



if 

Jo sk 



lim 7^ / sin oit cos ut dt = 0. 



(16-90) 



lijLij (16-88) ibUJU ^^Jl JjJll j£ ( o^UlSCJl 



Re /"Rep = K"£ + t'rj). 



(16-91) 



j ili^ll ijijl oUJ j& (16-89) ibUI (16-91) JtkUi ijlitj 

. (16-87) ibUl 



: tjjL-j uUJI iil^J ^Jl JuJl 6 j 



tv<\ 



w= j- Re [E* • D + B* 



H] = 5 Re^e £'*£' sin 2 



+ i- E'*E' sin 2 (?SL) + J- E>*E- ( *f Y cos 2 fe) 



(16-92) 



O- JS" JIj~-Lj « i^jii Jjj ^ t y _ L(tl j (16-92) iJjUil J-l5oj 

a/2 j I Jill cos 2 (2iry/\ c ) j sin 2 (2vy/\ e ) 



(16-93) 



Jo -H Co « 2 V.X 2 , x 2 /. 



B z = i Re 

juocoX„ \ X c / 

JiCJI Jjk-dl ^y = at)ly = 0(>. ii^-aJI oiA J-*^ 



(16-95) 



i_bl_.ll J_c (16-95) i_bLJ.I i_*~i J_vpU- (ijL: i_SLk!l jLul i_c j~ 

: IJ^j « (16-93) 



27T 27TC- ^_ Xo 

f pU.fUjX,? WX ff Xg 



(16-96) 



«x„/2ir t ;. o ^ _^f| A oT (16-78) ibLil ^ Ji^^i 

• c o* J 3 " 1 v g ol (16-96) iblJI jii c c Ct » yS\ 



tA. 



<Ua»-}U v p J>W ^J-"i Vg ■*-c>«ifl ^r-" CA> (3>»JJ U-fcji jij^> t>^Cc 



X /sin 9 t (16-78) iJjUll ^ <iUj 



VgVj, c , 



: Jj- 



(16-96) ibULl 



(Hi 97) 

: J\ JJi Jji Uj^-j -uJj 

(Hi 98) 

(JO 99) 



(16-99) ikUl oi J*^] • if jU <JJ-> j jLl^^J ^ lu" ^Ij 
nondispersive 

Ja*-^ iJU-l ^ J.^.,.:lj 4 y ^loa-^lj i=r>il oli^. ^jb-l jLizil oUl 

. crJLojll Cf^l <«-la-^J yZ (i^J-ii j LkL. quj <jjj| i (16-6) JSdll 
'. j^J^—J Vp ^J^-*? ^ i^-^II <j~>- jJalij <lkiu d) ^a«^J 

i'p = c/sin 0; 



This point moves in 
the ^-direction with 
velocity v p > c 




i^Ly* i»->W jliiil J5U- i»-jJil ol«*s>- SS'j*- J~oUj . 16-6 JSLiJt 



IAN 



(j"3 



i^jjil JJjJ jft—^ jii' ^ i <=r>il t>° (i^l i«l«JI ..^ 



Waveguides i^il Jj^j 16-6 
; L»aJI j i^il <bU- olii^ H jE ijt (15-4) jllJI j 



a 2 E 



a 2 H 



V 2 E - toMo^f = 0, V 2 H - eoMo^ = 0. (16-100) 



: U x i\ i^JL iLir_j ^jjil J>kll oU->ij 



E(r, = E(r)e 



v 2 E + u 2 e MoE = 0, V 2 H + a> 2 f oMo H = 0. (16-101) 
(TE) Lisjji^J.I iJl^sQl oU-^l jLjjI aJU- j j . Uj,| Jjj^U o^Lu 

curl E — j/xo^H = 0: 



dx 
E x 



jnouHt — 0, 



(a) 
(b) 
(c) 



(16-102) 



curl H + j«ocoE = 0: 

2wj 



2vj 



H y + jeooEx = 0, 



H x - 



dx 



+ jtouEy = 0, 



dH v dH x 



dx 



= 0. 



(a) 
(b) 
(c) 



. (16-103) 



: J* JjJ (16-102b) a}>\A\j (16-103a) ibUl o! ^I^JI 

ML = (M-i «2Mo«V\ H (16-104) 

ay \x e 27r / 

(^JjUII ^ < JJlibj . H z ii ^ J^U- ^ H y jUJ t j£JI ^ 4 <£UJJj 
E yJ E x ^, . H z ^ H x M\ (ft (16-103b) j (16-102c) 

. (16-102c) 3 (16-102b) ^i^JI H x H y c^~£Jl 6^ 

UoUl ^ tS JUI jjjli. yiS" oli i H, cJ^ lil , r L^I 



<fUJJ . (16-100) SJ.Lil ji£ y| ^ H z L 



dx 2 dy 2 



( ^ 47r ^ 



(16-105) 



. (16-105) 

(Jyy \S J--<a_jlJI 4_.U ^_jJa«, ji <=r LjjJ lil 

SjlD i—.lfil i^jll : u>^J aJ'^ULI jjjJ-I Jsj^l oi* ' (16-7) JSClJI j 

LI . S ^kJl jux B (3-J.mi o^JJ Ljj^JI 4^5" ^ilj E jL^S3l JUI 
D v'L^kll ^lj>J ij^JI i^l, H (^J.Uill JUi sxU i-^l 

*JU- j (16-82) iJoUl J*u 1/ Lli « i^ll JJj jUoIj x„, 

• (J? J 1 j-^-U ^Ia.^J 1 

ol>iil J> (16-105) ikUl ol>^. J> ^ 3 . (16-8) J5CUI 



tAT 



iLay. iljJ^I Jjilj jliji . 16-7 J£Jl 





z 






/ 






/ 


/A 



y 



/\— b V ^ **** ^ ■ J£Hi 



J7 2 (x, «/, 2) = (A cos KjX cos k v j/ + B cos (C x a; sin K y y 

+ C sin (c x x cos K y y + D sin k x x sin K y y)e 2T3 * lx ', (16-106) 

+ *2) + l<o J «oMo - (4tt 2 /Xj)] = 0. (16-107) 

: E x jJ- 1 H z i-_*5C_LJ i*JLll oJk» 



p _ MowX 

2w 



tAt 



o'\ • o-^^J ' smK v y J| cos K v y JS" Jj4-| J^UJI UiLi*l 
SJuiill i_jjJ-V ^yui- tiUJJ t y = b jlLcj y = j_c a** (j-^ E x 

. /Cj, = nir/b Q*~a^> ul JjJtJ-l oJLaj E x -u^^ j sin K y y <^c 

iJiLcj . (16-106) ilsLil j Jaii COS(C„V 4J^jd>l Jjjj-I tJ lJ Ij^j 

J££ gjJIj H z J ^fcJll JjU-l . «sc = mir/a ol v£ 

H t = A cos ^ cos =p e f (16-109) 

fO^i-j . «mode» Jlyil ^1 aJlc- jiLy n j m J <y ^jj JS 

^ TE j . (16-109) ibUl iL^dl ii«oll cii Jl^uU TE mn > J I 

. o-J/JI ^* (m) ^ajyJlj (n) J^-oJI u'.-uJI 

: f j*iJ, (16-107) JJjUJ 6^1 
«i = mir/a 3 k v = n7r/6, 



fey - fey -(-)•-(?)•■ » 

jLm^L! vr>« Jl>l ul ' W J^^j • <JI>^ J* 

<_»>JI iiU-l oi* ^ « (wr/b) 2 + (mir/4) 2 jloiil 

. iJL* 0^" x» V oUjULj « UL Ijlji. (16-H0) iJjULI ^ o<> 
. UjLiiil ^ Ub^t i-r^l «attenuation» o**>> <J l ^yy 

Sj>->U ojji JLiZjl ij flj»«Jl~.l olj JSdll a] , i - » T ... n aV>11 ol^>-_^. 

JI_^Jil -ui j^r:.j i=r>ll JJ-> pj**- j^^' ^ Ij^W-^'j ' 

0.4 in. x0. 9 in.,* ^ JJJ ^LUI ^1 . ^ J»ii TE 10 

jJLZL; (iJJI ^^ii JJaJJ c5>-^ 1 *-r^ V-^-J iJ^-UI jlv^U 



tA<3 



j a = 0.9 in = 2.28 cm 3 n = o j m = 1 u^ySj TE , Jl^dL 
: y» UJo. J-^ ^1 i^^Jlj . (16-1 10) ibLU j b=0.4 in= 1.01cm 

<jJI oj ■ X 9 = <» °~*^ ^5 X o,max. = 4 ' 57 Cm 

Jaill 4^-^. JJaJ i_-s-Uail Jl^ilj . it-ill dUj ^y> ^ai^l 4-~r_>il Jlji^l 

cuiK lil . i^l jUjI J.^ 1 TE 20 j 1 TE j j y> I j iia-}UI 

J I jJ.«,U <C« TE 20 JI^-«U jJxaJI J_^i* o]j ' b < a/y/2 

(Jit J iju-j- t <LU1J TE 2q JI^^JJ is->ll <_jL«j- (jJ • TE j j 
ictu-o j t_JvuJI . 2.28 cm (il t TE] <JI>~JJ jiaill i*-^ J^L t_i^ 

J_jJs cjjliil JjJaJI -LLfcfJbJI ij\jlai\ j i (ol^y-^ jl) Jj^J 

ol^^i TE jo (jUaj JjJ^ ^jjjJill ^ Jju£ TE jo Jlj^JJ j-kaJl <L»-_^ 

. 4.35 cm J I 2.42 cm ^ : <Ju«J! jjjJ-U ji-aJI i>.)UJI i*-^ 1 



Cavity resonators iiU^JI uLjUJI 16-7 

olij Jj^-Aj ii'iUJI <Lj ji Sj^r^l (J- ^1 oLijJI < — I Jj>j 

4-JL ^SGl yljjJJ iJUIl oli^aJI iili J\ oLjUtlJI . HaJa iJL^c i-^ft I 

. ijJoJuil i^^Liilj iJL)j4$Dl o^lsU j ^LL> o>- '-^j> ' Ve^ 1 

(i 3jJU j . L-C J\ ji (ja j SjjJ j S^jJil iilkJI ^ 1 / 20 (J l>»- 
jC^ i-^Jj ol^jy dlLi J-jJI iJLljJI uijjl^dl ul ^ iiUi^ 

i-i'^l i_ij_j^jJI IJia Jll 4 J»jj^ . J_s^_^iJI <L.Lj 

ijj^jJIj H Lj».1I JLil 5j-U i^— 1,11 o^-^^il o_^j u ' j ' jjjJ-I 



: ii%J! ji^ ol E x oji t( jULj . (16-100) i^it c^L* 



^ 4- a- " K + % E x - 0. (16-111) 

j X = a 3 X=0 iCl-Ji CjU^^-mIL SiJtil 4iiaLj.lj J^o-j i—aj^jjl oLs 

: li^ai\ -U- U o 1 ^-?rr E x o U i z = d j z = j y = b j y = 

E x = Eifi(x) sin sin K t ge~ , "' t (10-112) 
_5 Z = j y = jux E x ^ji^J f.- = 7i7r/rf _j k„ = mir/6 

^'j Su Ji£ oi o 5 ^ E x ^ U ' ^ J ' ■ z = d j y = b 

^ divE o^^J dJjj ( to IS I LJ f](x) cJli" lij 

: a-j^'I j-^^aJI Jt»-lj Jj-U-lj ' E x aJU- j dlid i^tl. 
7?„ = sin Ktxf 2 0j) sin KjZ c - "", 

(10-113) 

i? z = 7?3 sin k x x sin k„ij /stye' 1 "*. 



IJ>li . = <7T/a J (16-112) iJiUI j lii > 1/ k- z K - . 

( Ei -j- sin *•„.'/ sm *v t £2 sin K r x ■• sm ^ 



£ 3 sin sin k u ij 'j) c" J "" = (16-114) 



: 6^ lit IJ* 

/! = COS Kl X, 3 f, cos K y!l , j f 3 = COS KJ, 

/dtfi 4- «j,A' 2 + k,£ 3 = 0, (16-1151 

1AV 



2 

..2 



Kt , 0, (16-116) 

c, 1 



;2 2 2 tel 

I . m , n 4/ 

a 2 I ,,2 I ,,2 r V <' 06-117) 



O.lin. X 0.9 iii. ^ jUjI (3i JJj ^ <-*>yf (<«-aJ ojj 

-j . ( TE 102 *_Aj>/ aJs. jLkj ) n = 2 ! m = i ' = I 
<■ d iii ( z ^Ij^^I i^li! o«JI ikJ^ lift jil oLi^JI j-s^JI 

U-U-^- cfl. a yr^ j-Ll. uLi^l <-^y>^\ JiLi s Lil^ jj 

. nijUi! ^-J^ lfr~a»J cj^y _tjij < J.,..^t,a.jL 

ij^So ,_jJI CjjjjUejJI ^jSllj 4 iilij (5 ^P" ' Jl£i"l ,»»'.rV jjj 

aJ^4_j ,jSo; g^ll £^U>^II <S'j\y-* j£~>_> <jl_jJa_-^ll 

jjl^k^^l i_ijjj»jJJ L.JjL^JI oU-LJl jlj . ii-JJ i~«oL;j iJ-Li £jr£ IfrLj^j 
t j-li t-j^-J-lj <_j^_J-I JI^J Ij— ixj <^a\j j JljJ J.. ' . ' .. * J ^ till 

Jlj-JI oJli jU^^I .jUr-l l» ijjj-l ( J-Ji^-j . J—j J I j J La ^*aji- 

: 297 

"Montgomery, Technique of Microwave Measurements, 
Mc-Graw Hill, New Yourk, 1947, P. 297." 

: v -uJc« JU' ^ ^Ld^l 16-8 

Radiation from an oscillating dipole 



tAA 



t$i liU— j (j«jJ_^_^_j 2 = ±1/2 -LLC <_jy-C yo £ ^ ij^Sjt Lj 

^1 i^UI jIjlL. ol t>»y' • (16-9) JSLUU yw i_jU >t S' w 

u^li ulLo . -q JaJI SjSCll l+Ljt jjl i^-lllj t q UJI UJu^ 

I = +q, (16-118) 




yjjji. jl^tf wJJ jb A . (16-9) J£i 



J>l Jlji ul . z ^Ij^^J t^^l oU^L, l^ry. I 

J> otf 131 J^i V U^- J 1 ^ 1 *^JJ v'^^Ji 

j iiiUll J~l) j-Ui.^) ^il J^kJI ^ OjyL. lil l ' j*** I Jail jUJ 

: o£i . (16-1 18) ibUL ul^l jLdl ^j^" ^Ul aj-l 

iiA i*_-JI oJu* ijl £»I^JI 

: <j I ^dlj 

|r - kz'| = (r 2 - 2z'k ■ r + z' 2 ) 112 . (16-120) 

tjLJ a oli J* -u* JUl L.U-1 lil j r J I 4.„„;lb 5 jj^o i eJlS" lil 
(16-119) ibLil ^ ^1 <j JJI JjSCl. jUI olSJ'iL yU . u-LUI 

: iJ^I ii_-aJI 

tA<\ 



ir - - r - cos 9, (16-121) 

J^l < ^ . f Uil j (5>l_, J,u-J! j i r (16-119) iJjUi! j 
retardation» jj^i jb- j j . L_ J 5 ^ r cJlS' lil U ii> Lw, 2 ' cos 
5L*.?'c"« OjSw ui J» / cos 9 J|(»l ^SCx t i-iu i^Li ^ 4 «term 

Jj- J ?' f(is // , Ji^fti i ^jju >i*a 2' COS < //"_", jl i „.k\ii^ j 

'. ^~>. b .teas 

.', « cT X. (10-122) 



: 



CV ' ^ V'W ^r-j' 1 uU»~" i*a>>JI Ids' ul • JjJI j«JJ i^Ull 

Ul ■ ji* Jydl .^pJJ g^U! ,1^1 <^ dJUJJ ■. 

divA i v ■-, 0, (16 . 124; 

: ^ • (16-123) il.Uu A^-^ 



d<p _ I a i 

dt -iwt dz 



•Virt 



;'('-;) 



: 6li J tJlj ' I = +q / Ol 



v(r, t) = 



4tt« r 2 



q(l - r/v) + I(t_ 



(16-126) 



: 5* ciLlJJ ^1 



9 ~ r) = 90 C ° S w ~~ D ' 



I = I sin to — ^ = 



-w5o sln w 



0-9 



(16-127) 



1 fi Jol a • 

A T = ~F — ccs sm m 

4t r 



A, = - 

.4* = 0, 



4ir 



('-3. 

y sin 9 sin w (t — ^ 



(16-128) 



Id... 1 dA T 
r 3r r at) 



^ [" cos w (t - ^ + \ «n « (« - £)] ■ (16-129) 



3v- a. 1 r •2ll cv>8 



dr dt 

1 (V (9/1 e 

r M flt 



4tT£ 



<in co(f — r. 'fi cos co(/ — r-'n 
r-r tor :! 



II sin 8 



4ire 



jB * ~ r sin 30 a< ~ U - (16-130) 

c 4^j>! li Jaj i_J»i)i jL5 J-i t 1 ^^ < -^ 1 61 

: IjJ i R ^lai <_a-aj 

• n da = ~ R 2 J^ E,B£.Tt sin 9 dO. (10-131) 

OjJll J-15cJ! o 5 ^ 1 cr- ci i (16-130 j 16-129) oUjUI ^ 
(3 JJ I >_)4-l (flip oL>- jvij'il ^ u^SC Uj « dlli . (16-131) iJUl j 

: j^tf is*JLJI . B ^ j E g J 1 / r £. Ljj 

• n da = ^ cos 2 « ft - -V (16-132) 

,2 2 

p __ I" . (10-133) 

_ 67T€i' 3 2 

: (>>j>*Ij cJUij 4 (16-133) jtsl ii^lt. jlstl L5a 

X = 2irv/w 3 v — l/\/«M- 



(10-134) 



ojoi J-UjC ;aJ 7 cosco( sjIjJL. \ jLj J*^- R l»jljjLi Ljli. 

^ <ui ^l^j t (16-134) ibUl i^JI i* ^jlixj . P = /i/g/2. 
(_. laall JL^J «radiation resistance)) ^Ld^l <-jLj^ 



(16-135) 



fl r = 787 ohms, (free space). 
^ jiUll j-L^I l^^J (16-135) aJjUI r la^z-l J* li* Lilafe- Uj 

i oLLJI juLt J-*" i^s. (Sy^^i AjjLii^l oLSl^Al : Lib* t ^j^l 



(frj* - ula> J I 16-9 
Radiation from a half-wave antenna 

j ^il J^JLIi ^ aJjUl. Sj^I JI^SU ^^il juaJI ill; I ulSC-^L 
<J>L» tilL, ^SCJI ^ < (j^^aiJLj . L~j ik^ o'iU-l ^ 

: aj \XL. Lib^S" IjLj J^j -X/4JI +X/4 ^ z 
/(«', = 7 sin cot cos (~~ J ■ (16-136) 

= ^^5i-«-(- - «-(¥)*' (1<M37) 



dB * = t sin 6 cos * { l - t) cos (?) d2 '- (16 - 138) 

-75 cos co ( < ) cos u du, (16-139) 

-W2 « \ " / 

liij £ B = r-2'cosfl ,jU U,L ^ \£j . u=2ttz'/\ 

jlj . z'cos Jl^j t jSC^I L~J Ijv-i" 6>5C r j*JI lil i___JI 

Ijyj, . fli i_^J-l <!U Jjjl^ll S^-lj^l iJU j Utaj i-JlLj ol 

/t/2 
cos j^co ^ — ^ + « cos ej cos u du. 

# = 7 cos co ( t — - ) / cos (m cos 6) cos u du 
r \ "/ J-T12 

1 • ( r\ f" 2 , 

— - sin co yt — - j J sin (u cos 6) cos w dw. 

f fcJI o~J-! ,y, JjSlI J^lS^J! jUIj JJi^JI 

2 / r\ cos [(7r/2) cos 0] . . 
K = - cosca (t ) -^-^h, 1 ■ (16-140) 

r \ v) sm 2 8 

/ o „„„ . /, r .\ cos Ktt/2) cos 8] 

(16-141) 



E» = cos co ft - ^ 

2 aw \ 17 sm 



M /„ / r. cos f(7r/2) cos 0] 

— - ----coswft — ) • . 

2ttt \ v) sin 8 



1 ■ /M ,2 f' m"Kjl2)_om6\ smgd0 (16 _ 142; 



Jap-^b L-LSvJj i Jaii A-Jl^ ^ iLJ— o oUC ilia- j oaUj 1 , jjSo: ^yi^li J^lSCjl 

■ iJ^SCj {J**}"" >~A*aJ i»e-Jl^JI y I 4_b L«-J 

T 5 = 73.1 ohms^ • (J6-143) 

' L^* Aj 7* a ■ 



*Sj3%Lt oujki ^ eUi *i' I 16-10 

Radiation from a group of moving charges 

1 L« 4. ..a . S' tj^So Cj Ll^e-lJ i AS" ^p- . AS^xZ* j uJ> *^ j ^ll \ ^ja j \ i aS' ^ jdi 1 

i^DJ SjjU! iiLdl i>. ^L^t j^Uj ^ (.j^Ji J^U- : 'Lpi\ j^jlJI 
ij aJj > »,;!',1I cjIjLjJIj oUavlJI Ails' o' Jtr^ 0' i~«50: t iJl^il ikii J, \ 

AjaXi j J-Wai! ;j-u AiLJ.1 ^ AjjliLe 3.iUu! \ ] ^ s '>~^ £~J>^ 

Vj ^1 jUI oli Ji yli^ll .(16-10 JSCU! ijl^il 

JjJ (J ■ i >^l ■ cJUjuJ-U pl*-^^ owijLJi 

6 ' " " *" " ^~ S » 




^ >>j V , j^J-l Ji-b oUil^^l J^I iku J^U . (15-8) 
iku ^ r i»L- Jx ^ P JUI iU: . ( 16-10 JSCJI R i^di 
JUI ikii J* Jo: j^ji r'sj^Lii iiLli J^L il^u iL~/j . J^Vi 



r' + R = r. 



(10-144) 
: E ^r» R, j\ U_, 



r' = |r - R| 



R r 



4jrt Jr. r' 

Jv, r — ~(R" r)/r 



(Hi 145) 



(10 140) 



r -f - r 



(16-147) 



R,l-r/c 



+ 



(10 148; 



l) = 4^ ( R ' < - *'* • 44:' r - k RP ( R ' ' ~ fc M 



1 



4jre r 2 c A 



sX 1 Rp ( R ''-0 <,i,j,+lsi * v 



(10-149) 



Ml 



l^S t Q U5GI i^Jl (16-149) iJjUll j J 3 ^l J.l£dl JJU 



^1 



J I ( 3 L L. J 1 _ / k>l) j-uj ^Lo'i jjjJ-l oi» 6p ' j~JI Iji* i*l jo 



<p(r, <) = 



47T€r 



(16-150) 



retarded» jy^*; ^k, jLL" aUL.. <iJ_)Cii P = dp/ dt 

. J-c <Li*iil jjoJ-l j o^-lj «time 

: iJ^I 4i-~oJU ^yk-J i JUI ikii JLLt A o^J-l 



J(R, I — r/c + R • r/cr) dt> R 
r - (R ■ r)/r 



Mo 
47rr 



(16-151) 



ijl UJ [f\ iiUij 1 ^"^'-5 J^-~; UJUJI <_J j.JI jjJj- ijlj^J ojjj^o ^ Ua _j 

iLUil £. o'SlI jilji (16-151) ihUil tt 5>l oljL*, . L> 

ibUil u^5u ol LuS^ (7-2) i)Lil ^Sbi r lo^bj . (16-149) 



(16-152) 



E = — ^ — grad s?, B = curl A. 
ojji!l ilai^ oUlj—^l oJJb j'i I _ / Jai i f ( __^oiL^S' ^^aiiLjj (jjl 



: . t-r/c J iJb p oils' UU, <;| grad «, 

a . l .. 

^P = - - P. (16-153) 

+ OA). 6- ^1 izj^, J^U^J Jja ^ (16-154) 
. (16-152) UiLJJ cJLlJ^I LA* u-fe B(jr, t) oU- 

r oUJ j^>_j £. t {laJ oIJIjl>-I) oLilj»-l i* > Lu yi ^ { 5UI ^ yj 
jl < z ^Ijb-'ill . ( JLAI iio; J I ^ o* <iJJl) r o^Jj Ljl^ 

j o Lid "it I i-i^vaJ ^.^JLj . JJLl. jlj < ^ kail ^IjL^-'ill 

ji (JUJ^I j ^jjJ-I -u-ull yl Ji^^j t ( IV j^Jdl ) ij'^l oIJIj^I 

Jaii yi-Aa- yj t iijiJ- \ } . T 1 Jj U»J ^ jtfl It _^ JoLv^ L"Sl 'i jJaJ yUf 

: £-1*^1 JU J y^L, 



curl A(r, <) « -a 9 - + fl 1 

■('-0- 



47rrc 

— Mo 
47rcr 2 



rx p| 



(16-155) 



c^L* ^ dJil . (16-153) ibLdl Ji^i ^ u^j, 5 >iLI 

: V^ 1 £L^I ^U:. 



B(r, <) = 



E(r, = 



4xe c 2 



4^2 rX P> 
(r ■ p)r - r 2 p 



(16-156) 
(16-157) 



- !rXB(r,<), 



c> <4 3 r>* J* I^Jb-l uIj-Ll. B jE oi ^I^JI ^ <>\ 

S = (l/p )(E x B) 

: i-J^I ibLll Jifj t r oUfrl <J 

S = — B X (r X B) = — rB 2 (16-158) 



S ~ 7fi^V 5 r (rXp) 2 . (16-159) 

J|i*-« J>»- <^-L^j)j J*ISC> ^* <HS3l ^Lkt^[| ijjj ^ 

I f li... *l>»-l iilS* uj L-^—j JJ^" olij 4 (j^-lll gj>JI 

»U£L z ySljLa-Ml li^I t dUi J I iiU^l ^ lili . ilk- j <j>& 

: jli < p 



P 2 



167r 2 « C 3 



r ■ - r 2 sin d0 



P rfH ' 1 2 p 2 

7 " = ~ ^ = -Ue„:< (1G 100) 



itj^ £. iijli-i fJa-j dJ oLjh^. ic>** SjJiJI jljii 

U-T dJ^ oL*i ^ i**ll SjjoJI j I oil ii-* (16-160) iliUI 
jU ^ £Li}U IiL il:-ll iij-aJI olj • P J 1^*531 Ur 1 ** J 1 -^ ("> 



jj . (16-160) ibUU i^U. iJU- Jit" ( 16-133 ibl~) oJuJjl. uJai 

: 61 jut i^ULI aJU-I dUj 

P = (^o/w) cosw(< — r/c). 



. I j&*> An-lil ojJjJI — ilU-1 oi* j 3 . <UjJaJll j yoU- ^JiUlJ 

j 16-149 O^jUI) A j«P dJ ^SU^ j jJ- 1 ^ j_1 JJU. *li>l yiu-L; 

s jOill (jl ilU- 1 Jt» j -k=>w_. to I <LuJ_U j . <_>LJ- I t.\j3r\ Jo jjj ( 16-151 

olcU^I . i._jJiJll olkil oljj*ii UuJI i_Jjl f>c Jx- -ujjJ i_Lil 

JJLuJL. iJ Colj 1(15" tojJJJL o-C Jil j"x__u <ul__il <_j LLaii *i! I CjI.JJIju_ ^ 

* p * c * 

fjA (aA) 2 Wv*-" J*' o£-> ykiill y*^J o' (3 1 • CjUai^l 

i?-^. Jji> A J i*_jJauil Juo J_C . a <_«-*- 1 i_Jaa. l l J L_ 

aJjUII 6 ^ • a—_5jjJ.I A^jla:.!! 1 (ijLj'i p ijlS" lili I Jy-j . o-ji^-il 

. ijjAi r W-^l yLj (16-160) 

W l t ; (16-160) j (16-157) (16-156) o^Ull 
i5jL . j "i-w^liJ l. .iViilt (j l_ . q <djut« Si <c_«_ ^ jjLall ^L^^l 
; 1-yj • 4-j-_' (J-fl "daij ^ R (j-Lij '.-«■_»• c 
p = qR = jv, 

■ ' Als_DI At (J-^ V l_w_- 

p = gv, 

: jut « (16-160) 
P H = _^: = /-25! (16-161) 

(ft 47T6o -1 C 3 



3.. 



^\ j c.laa,. ( u {fr£\ J>Ul ijjU-l 16-1 

fLliJI in = Ve/eo jLXjl J^U-« J^i j (JjU- #Llc Jc 4jj_j*c n jjiQ' 

: iJi^sJu] . n _j d J aJI jS" a-X»JiI isrjJ] ^-l&ui^l . d 

. [ »Ll«JI (Ji-lj (^wS'liiL* y<JbL^lj (jCj>-_j^ (Jlaljl ji I 
jJxJI (ji^»Jl SJs-^l jLdlj i^ULI 4,.-Ja.Jl iill&l Jar/\ 16-2 

Ot^ii Ujjj- . 4jj T . „ >« 4,. „ >.J r> j j£ Cj\s^y <Js- (J*e_ji 

16-3 

U*--^ Ej _j E2 j Ej Jlail olfr=*JL* 4 (1,2) (jb&y» jfcs, tLrJjLc u^n^j 

[(16-51) j (16-50) ^LJJ ;>Lil] o^l~ j^,! 16-4 

AjLS" Sale"}! 4 Ujjli fOs^Jj /«1 = M2 = MO, yijil ( l) 16-5 

. J«i «i Jljij jLS^I o^uLu. itta, (16-51) j (16-50) ^Lil 
jj* ( l) <^jiJI ^SlU (o) . o"ital*il ^ 6 3 J_)jy-I t c5j*-l SjU-vj 

iSUJJ cfJjlc (^o J^sliJI ^UJ\ jJaJI JU* ilil^Ilj ^ISC*^! iiiLi (>.j*JI 

n% < ni j sin #i = 712/ni. 
^I^i (J-yolaJ I jJa-Jl Ju£- R (j-lSvju^l J^U* J 16-6 

MO AO 

0ro->J ^ yz - j Sj_uil TM oU^i B E j^_,t 16-7 

.y = a j-_c_5 y=0 j^t 4 J^^l t^ujl>^. 

J> J5^J1 4^5C TE 101 JI>iJJH j E o^Ul ^ 16-8 



JSlUI jJai. (3i Is-y. JJoJ a (ji^JJ ijUJi pi js>-/\ 16-9 
. TM n jl TE n Jlyil j ^jSGj TE 10 Jl^il j k Li^J* i*-^. JjLj 

<_J»i JLJ or* t 1 ^ 1 J SjOill AiljS' Jx-^L. ^-jt (I) 16-10 

Jl; or* SjoiJi <_^i (o) . 4> 5 e i^jijAJ oJui^. 

iJLiJI i^aJI oJlS" lil i 500 kc/ sec oj-u j^" jllc t 10 ft ^ «_Jai 
JUJ ^Lt^l a^JU (jj.) . 2 amp cSjU UaiJI JU j jUJ 

: ojoi IjLj J^t ijjli iiJb- J5Li, dL, . 16-11 
I = Io cos orf 

. <L15lll SjJiill j\jaaj i oJuilLI 

cJ- Jl^J 4~~JI s.Usai j^jI « (sr J,Li.j^5' 16-12 

. 1 Mc/ sec. o jji 
oUjj*£)I SjL. J!jU- i t »^J.Li*j J ^ o-^. JUijl jllc 16-13 

j Oj>&JI Or* y^JI Sj-^l uL £*>jj < (16-10) 

I iibLJb oik*-. 4 k j£ 

E = A'osinto^ — z/c) 
12jreo m?c 3 

SiL. J* Jai-J I UjOi SaJL oli i . ka . r . ^ . ^ ^1 i^t i.jp. 16-14 

g~al\ fO^lj J»ii Toa-Ij lj_/50l ^1 . ^JO, oUj^! J* 

iit-JU ^ fcull sai u\ ^ 3 ' (16-10) juJI j sLLJl i^ljl 

: 

_ 1 e 4 
7 * " 2 7o iftr»€j«Je*r» ( 1 + cos2 «- 

il^i . Uji\ ^\ h±\ i. > oULj OP Sj^il ^i^i JIf 

<5.r 



<U?U-I ^.....jjl Lj-kJl 

THE SPECIAL THEORY OF RELATIVITY 



(j-J JjLzil jytil JJl9«JI li* . oljLJj ajjLi?-! oL^i I..i-l",,.. cJi 



oiji -Cji t A t_Jljr<JI ^L-Jl, iS^ til, j B (-iU'j • 

* * " 

aJL^I o^UI Jjjp^ ^ii^. ^ t ctUiS" 6^ lilj PijUjiiJI 
yl2 jotja j JUI oLS"^ ( _ ? ku ooU «r ^ j a. 

.(JU-I J^iil j ajL-^l oJa LU-^I JjU^ ? Jj^l tJl"i_JL d_ 



<J.T 



( Physics before 1900 ) 1900 f lc JJf ,1>JI 17-1 



ijj^i o^%-li jJ coils' ^g. >-J-> Lj»-* I <Jj^* c!j>^^ <u—L*^M 

L-^l^l LatjJb Cjj^JaJ iip-'illl yyuj'il CjI^uJI jj . 1862 |«lc j 3^* 

Lorentz, j^j_jJ jy U>_j-^-) 2L_-J»Liilj iJl^Dl Cty'^ i~iUjJI 

dUi ^ o_j^Lc . L-J>£ AjjJaJI oJLi jullJI (j^ JjJjJI (j-.aJ 1 J3J ( ( H.A. 

• ^J^jji* <jul_yL) A^isljjJl i_^5"ljiJLj 

(iju^l ,k-^JI ^ j» .Ja i l 4jli liij . c = l/VfoMo- * s -J~-i 
ol sr^il (£1 >JI - ^) A iiJI J *" f*J (c5^1 II ji *) 

reference" ^ Jll ^j^i, J»-jI <u>£) ^1 Ja-jJI j^-j 

. US'L OjSi Ja-^JI (iJJI j^-Jll t -bJaJLj t Jjull "frame 

C# oLJIoa-^l obl^j jita^ t^l <jl < "Galilean transformation" 
~<6 j>- SJU- j "frame of reference" (oLilos-^ t^i^k^.) <^»>- y. 

.(17-1 J5Cl!l Jx>\) u A.Ja.r-.;. icj-uj x o\J- 1 j iS" <3>-l 



u Ujlai. (x 4 UI j) *S> J otJIj^t ol-jJii. (17-1) JSLl 



x' = x — ut, y' = y, z' = z, = <. (17-1) 

J S tlg-i* _jJa-JLI ^ j Ifr-dij ii^yall oli 6^Sw i& yjj L^Li^l (jJ^J (>->'y 

oUiCll <y j^^K lJt» As- J I ci jjo L_j *i! Jlj-JI li* <j L?-J J^. LuSCi 

iJ^Ju >T C_JU- JljJI tjl >JI Ll^ ^ « O^UI <J^ 

: LjjJ ^JJUl 

3Vi^,^V = J_^V C17-91 

3x2 t" Qy2 ^ dz 2 C 2 dt 2 ' V 

: Luo)_j»Ij . Jlil oL5" y jy So»-lj Jjj; <p <-^*" 

a« — e< ax' at a«' 
ut ■« jJI « ax'M, jI^^ (17-1) ifcUl r la^-Lj (17-2) aJjUII j 

oi*_j . (17-2) ibLdl j Si3 <y 3 jjtiw iwu ^.-,<a.:-.. SJyM i>-_jil italw 
tt^>- 1 i*£Ljl£~. 4.->«.w->«v> L^U jIju j^JI 4jLJU>*1J (^^J (J-** 

(*) yti. ji • j -U Jx-jJl (J I 4^»mJLj 4Jjlj <Le juj isj- jJLl J 3 * 

. I ■ ' ■ 11" j^l J» ■ jLLzjl Ja— _^JI J I 4~— IL 

jo* I ? 4.. .... k tuilj <LJL^$53l (j<j\jjL> (jJUJj leJ <L**ijJI t uil 

ii^jj f, Poincare" jSJ^y 3 ^ J3 i J^i ^ fjj>£\ jwi; "ill ^y 

(yw" o^^l S I» . 1905 f U j "Einstein" 00L0I Jj; <y i^U 



o^U- ^Jks dUJJj t ^Ul ,b 3 J^L. gj-^ ciUU _ CjU 
4,» laT . ; .» iftjwJ iS'^^l j U-*j ji-flJl Jj^-^L. o^jLJ— l£jtt 

; L-j o-i* ^ -Ji (Jj_j^5"L« o^jLo cj\^Lj ul ■ 4. . „i.ll Iwui (j-aj (J-lc 
« C U*JI U ,J jJlUI (5^1 jcr^l joj^ jl y-LiJ o^UI Ulj 

iJ^JI i«-LVl ojL*JI . cS >-l 4~^> y (il £« l^U-Jl ^j* c-Jj o jUidl 

'••v 

J Sj^ f> *J (5y»UiJI j jy^JI ji^illl) til _ %\ 

. (yij5U JrfjUl tf>l oUl 

. ( 1859 Fizeau 4S>cu ^ j ^| ^Li _ CjU 

. (1887) Michelson-Morley cJj>. _ \>J5^L. ^ _ &IJ 

_/uLj ij^stlJI 4t «■»■■«", „,U pSl-^JI . (c <Le jwj ej*aJI ol»-y 4j j^IUj lS JJI ) 
1_> • Lili J*iiil £>- jil j cK>J^I Oj^J u' jl J-iii* £?■ J-* ■'^J f J* (J I 

h\ 6^ \jjki « ^uai (i^^i ^i 

ol (>> (j£-*ll t tiiJj j • ( j .. « «. uJ I J>»- U>5" j*- J^U- Ljic ^ jl ^«jl-.L 
* «• «• p ^ 

!iLij L)_jU. L.j>- (jl til • V 1 -* JV^I C>*Jfa» ^* J-aill £T j (j 4 —! 

4*> jy"i!l ^ £^*Li Ltj (ji j 



PA WS 32 i«n«ux ^' S - Sha ? kl ^ d > "Michelson-Morley Experiment/Mm. 

m^l nuE ry, V - (D , 0d , d ' , Mead And Co " New York ' 1923 > J E - T - Whittaker, 
New York igs?)^ 68 ° f ^ ^ Electricit y> Vo1 - « (Philosophical Library 



Jas-^J i sja-lj i^. J^U- oj>>-I oLLi . "ether drag" "jO'Jll 
celestial" i>jUJI JLiJI j 

Jii v t v/c jjj^- o£-> £>ll j <ijl^l <jl olj ' "sphere 

1J0 j» lil jy^l i-o«*i <L*> ^3 *j> i*5«^w aS"j3»i1I ajI>11j <5>f (J^l Vj^^' 
(j LJj^T ^""^ U*j"^ t>* <J-*' UL-s-l (jl ( Lcl .' Ia.^1 (3 j* - ^ ) 



<u?ljU <L ; ..-;,L1 Lt*-j' ^>\^°^3 j*>j£ ^^i^ 17-2 

The Lorentz transformation and Einstein's postulates of 
special relativity. 

O^jIjm J*^- (jJlj L-^ej Sji*^ 4 j^jjJ 1904 j»Lc j 

o ^« __^i-J . (ji^jJI I oil <U^L« oljjijj (Jlsil oL5" y JSj Sjj*JL» (Jj^-S'U 

^O*- J U^^ij cry^L" 2 J 2' CjLjIjc^I yC*_ > k-L» (5^1 

^ Sljj . ( 7-1 J&UI jjrlj) u Ujloi. x <>L£l j l^;., 1 

1 : (,X — M<), 



VT-wVe 2 

y' = «/, z' = (17-3) 

Vl - M 2 /C 2 V C / 

2LS^^JI o^UJJ o^L^I f l^-l JLi/ qz JIJJI 

: (ji^Jj . (17-2) lsrji\ ital** (j-jaJj t i..„,J»U*ll ) 

A _ A 4. ^ ± 

3a; ~ da; 3x' aa; dt' ' 

a^ a^ ay' ' az az az' ' 



(dx'/dx) ou^ii ^ (1 7-3) o^Lil r o^J_, « i^il ibU, J 

t>- iT^ill o^IjLII jL^^Ij jjuil ju^^j jUli oL^JI f |^Lj 

: jl* < ibUI <J I >l 

dx' 2 + dy'2 + dz' 2 ~ c 2 W 2 ' (17 ~ 4) 

JIxjl«I LolSCL £J>>J1 Jjl*il (ja o\» ' <p ii a-jL*jl. aJjLII oJU o I Le 
cW^I Oj^ (17-4) aJjUI j ( 2' oLjlo^l iUjkL. j ? U) / H » 

flai^L jy>-^^ <-»y* A^jil ALL* ii^V 6l» ' I-VJ "■ 5l jLJLL 

■ 

a .....„: 1 1 j^kJ ^-I-Sll jv^jJI >^>J cj%#£ oli « dJj J I iiU^b 



tdUi ci I o^" j-rf'j '<>• (j& ^--^ °yLJ' o < a^U-I 

5jujJ-I ciLiJi'l iSjLL. IoaU- JjU- i jy^l w jjj (j^jj oi>ll 

ji IfS" a^sU-I a,, ,.„J1 j jjLrll . v-Jj Li* j ^^^U jo^l 5 jy J I 

« 1904 f U jj 1900 r U J c5>I 1899 ^ ^ JL, oi* 
Aj^dl J-li t L. d jyj 6>~15oU A^j^pjJI aj»^iJ| jS^iy 

cfs^i AiUoil £f>| ^ : f l* Ixi jl^J ^ (jLkil (5^1 ^11 

<3Ji>lj . >-!bU i-^JL Ijl^Ij A>h.r-;.. aJU- j yuil ^ jjix; ^ ol 



Ac 



r UrSu <X^L,JI aJL^sOi , ^ ^ 1905 f U j 

C?^-^>y (j* A^aU-l A, ,. „ . J I Ajj^JI J_*iaIj A-J »ws_j (^JJI « A^atZil 

• >>^>JI ax.^ °>y — Liljj t a...,„:JI >c5iL« _ ^Ijl : (jr>,r.,..„ L I 



. <i >-^L! iL-JL Sj^I^JI 4^ 

- — — i r . ■ I ' y 

<}~oH\ Uka; J^LLi] ■ ( 17-1 JSUl ^kil) u Ujloi. A.Ja.r.,-.. ix^j x olf I 

u^, jjj^o iki-i j ja jaJ i t'= o j t = o ii^j^ d^-»j>^..«.n 

J«oSll ikii ^ 4iLjf jLuI Jx c-iwjj ic^L. olillC* <uljj^_l Ait 2 
ikiJI oUIjo^I o]j • J> ol^j>t5 ^jlil <J I 4-o_j~aJI ijli^ll jLlHl 

: ji^ i>_jll 4 4r >- Jx 4**1^1 (x, y, z) 

x- f 1/ 2 -f z 2 - c 2 t 2 = 0, (17-5) 

l __ r ii J— cj) 4-j-^il 44J.I k*XL* j ijJI^JI (Xj j y 1 j Zj) ikiJI yo- j 

: ii^UI ^ (t ^-}\ 

A ; .'/I + 4 - c 2 < 2 > 0, (17-6) 
J'2 + vl \- 4 - c 2 t 2 < 0. (17-7) 



• c '^J^ 

. (r) oL'l^ ^ (17-7) j (17-6) j (17-5) o^Ul jU Ijy.j 



x 2 + y 2 + z 2 - ch 2 = *' 2 + V' 2 + z' 2 - c 2 t' 2 (17-8) 
Jjj-JI (x',y',z',t') o\) ,Lii _ jyj iku Jtf (z )2 ,,z,<) ^ 

(Ax) 2 + (Ay) 2 + (A*) 2 - c 2 (A0 2 = (Ax') 2 + (Ay') 2 + ( Az ') 2 - C 2 (A <') 2 

(17-9) 

x 2 + y 2 + z 2 - cH 2 
Ujjfc f a* oL'l ^SCf ^ « (17-3) iljUL ill*zl\ « ^ o^_^ /li^ 

(j I o jJl-L-« Uj^Sj j* |Jt ■ ■ J-aj (jU c . jo/Lil (^j^aZIL 

s (17-1) ibLlL . i^JiJI >LJ^ ol» ' >»-t <-l * ^- (>• 

i iiJjJI O^ljaiJI UJai c. ...I _jLJU Cj%}J- 

(j^ I ^j-laj (J>y~> tiLjlX-^ ^^i' ( i j J V— -' liUJJj . f.yja\\ <Lc 

4 Jr-'J^ *- J "^i>^ tj'-* ' " m.« t_JL*3 l^Lj^- i_*Jr <La««j««<ajl 

X 2 + V 2 + Z 2 - C 2 « 2 = /f(u)(x' 2 + y'2 + 2 '2 _ c 2 t > 2) 

Cfrb • • ^iUlj i-Z'il iJli»->U otf lijUi-l ulj ■ u > ^-b- c-L* K(u) 

J. ]), Jackson, Classical Electro- dynamics (John Wiley & Sons, Inc., New York, 
1962), p. 355. 



0\. 



JJj • c£>-l VWi* ((transformation laws» Jj>^I Oruly 

j^Uj^ (^xii" : CjUj ((simultaneity)) iJ^ 1 f>*^ : : g>» 

. «time dilation» . ^j^l iji' : s «Lorentz contraction)) 

. t5>^l J>? ^ ^ ^ ° UL 

^ ."^U- c^lll ^ t 2 j t, ^ ul ^ < X 

* 2 , ^ j ^ C>U, (17-3) ^>UI o^l ^ bUI 

i', - f'» - -p^L= [fa - *,]. (17-10) 

\/l - 0/c) 2 

JS^JU i *j5U c*^ 1 ^J*^ ^ ^* IJjk -> 

. ((universal time» « <>v J l » ^' ^j->^' 

ijaU VV» j^ 11 A CfJljil ^ ' B 

t Or^-^i o« «Ui ^ o^j < if»^ >' ^ ,UlJI 

SjLt^l 61 \t ■ u^^J' '- » ^ r:< J 

lLiJ.1 j c?^^ 1 uU Wl o- '"'^ & ^ '^^ y 

uJl^ll la* ul vil^il ^ liU • ^^V 1 J ^J^^ 1 



oLfL & jsC^ s-J- «apparent contraction» (i^LkJI u Azil\ Jj. jILj 

<iU (j**.* LjLjutl . « jsjjj] ^j nln . > » j^- 

L—JL ^4-1 yjjl^ iijli* j^il (j-i < ( 3 _^kJJ ) J>I*U c_Jil^U J I 

Jjixll y-Li 0>£> t 2 <-S-J^? ^ 1 ^ ^-r^-i* ' ^2 X 2 -J ^ 1 

: oli t (17-3) ibLlI 4 ^>jyi C^%yH^} liij . li 



x'i - x' 2 = — = (x, - x 2 ) (17-11) 
Vl - /3 2 

« (jS-ii-l » J>JaJI l<u 0* J' = x 'i — X 2 ' O^H • = M/c. ul vi~>- 

i_.il j* JJ (^ (j-Uil Jji» ) ((wjJJ «true» 
(2 j c-Jl^ll J-i qa j J.\ JjJaJI ) «apparent» (i^LkJI 4.^1. 



/ = I'Vl - (17-12) 

. -/>L jiL^t t z, y 1^*1/ "51 1 J L.51SCJI 
( ^_sJJ Siil^il I Col>>-U (iybUiJI jLLJI ^-Jy ' i>*>" 

: i^JL l^UT ^ ^\ } (17-9) ^ o&j ■ ^ j*^ 1 

/M 2 _ (dzY] 
\dt) \dt) \ 



: .jl* I-Vj 

: ulj 4 l^>. Jjtj (velocity)^ = (dx'/dt') = 



•M(S) ! + (3)' +(!)!• 

: ^ (17-13) ibLll_, 

At = A *' • (17-14) 
Vl - p 2 

£rj[\ j ±J\ J.\ J-i ^ y-Uil <£oil) At <3 jjfcUiJI (>._>JI cS-u ol» li£»> 
uaJlj • "intrinsic time" At'. J*iJl ^y^Jl tsju'^* J^L.1 <gI _^Jij ( 2 
ilt'LL. oJi^i oUL 6] Uyu y> (17-14) ibUI jv-^J 

. i_. il^il J I iL— JL> ^ i!U- j 0>£> L»jil* 



Geometry of Space-Time. ^jjl _ ^UwJl L-ju* 17-3 

\uj> *J»»- cj%^- y» J^UI juJI j l^JI Li yil ypl _>iij>I o^L_j^ 
j >>-l £=r j Li iliLjll oL»5CJL tj*'J\j *U»iJI oLilo»-l 

fLul (jLCiU (j^ JUL y»j . (Jj^l £>- jJJ ^L-JL) i*ku* *S j>- 4JU- 
L^i ^*k; jJI "four-dimensional geometry" i<ujSll jIjuSii i-ju* 

: ij^l illjji JjJc*lJL; uKj 1 ^JfJIj oLolo»-^ i-Ljw A-^L.j ill A JJi 

x 2 + + z 2 - c¥, 

ooaj . Lj^ J.\ oU^JllLI iiL< j \^ju i^jiJl Li (i! 1 i illj 
: y> 1 ^ jji^l ^ J_jl. JjOsJI . J^i. i>\ i j£\jS\ \} I j^iu 

I 2 = x 2 + y 2 + 2 2 , 

jLj^I _jj'fUaiJl) ci^LjLc'ill f U»iJI j oLSIja-^l ulj-J 5 Ji*-^ Ji* 



x' — x cos 6 + V sin 9, 

i/' = -x sin e + y cos 9, (17-15) 
z' = z. 

a^Jj ji± ■ I <■ J>i> d! ^ Aiij . (17-2) JSliJl j ^w>j> \<Sj 

: (17-15) o^jUI <y wljj ijS> l/^ o^^l ai* 

x * + + ? = x ' 2 + y' 2 + z' 2 . (17-16) 




. xy JyiJ.\ j I Jij J^UJI Jul I . t>.J*j j oUIj*-HI «->kl. oljjo . 17-2 JSLi 



s_uLdl o^l^l . j>lJ ii^i j s-uUl. JUL. ^ (17-15) ibUJ 

o^L^dl oL> o'j ■ Jn^i oj-^ "-=vil J>k ^Lnj ^r*^ (/* 

. ii»-5LII J_}-^JI j LL_aij (^tiLjl-. S_ul»lll 

"non-Euclidean four dimensional ci-diil j± jLjI iuajl ( Lo» 
: jells' ijuj'ill oLJi^-'il i-iL^^ij oLyw-aJI ^ jac jjU L_5a . "space 



*i = x, x 2 = y, x 3 = z, x 4 = jc«, (17-17) 



IJj» . "unit imaginary number" j-uJI j 

y-J (H.Minkowski jLijSL^ Jj; ^ ^ ^jji ) _,i 

li* oli^ ^ jo* jluil ^SUl ^ . LLJ. LJIj^I ^ LoJLil 

: t La (.aaLL-L- iijjJaJI oi*j < (ixJil , \^< .cJ-Lx y t.^l l 

2>2 = *? + *i + *| + *J 

iJL^ cA~£ j* Shi L^£jj t o^L^a^l ^ jo* ( ijj^j^UI 

'complex orthogonal sjl-UzII i-i'^il o^L^L LJie jLL 
0>SCj *i[ jj'b ^ li* L. oL» 4 <iUi . "transformations 

. ts. 



• jL ^' c/^J ^ (x„ x 2 , x 3 , x 4 ) v^ai 
• [^j>J f I^.L (x„ x 2 , x 3 , x 4 ) |^ L-LS^, JJI oUsai 



o5ljj«Jlj tLii oi^jJ "jjuli^l" «Liull fl-u^J j iujiua.ll j > f Jl jji; 

;>>J cowij IjLSjI b^Lcllj Lxiilll J£ . _^jjj oil^ oi^jJ "iJulcH" 
imju J-ail Jli . <-5jj oUIa».I JUjL !»4jcJI UjU I jji . «..».?■» ol jyuj £■ 1^. JjUJI 
{£ ^,j I/2 , : j* odl JjD ^ 

oil^Ji j^. JjiJi iJl. ^ oilj^Ji . x, J -TJ.I jil^i Xl " ^ 

: j^l j^Jl iiU-UI jjjjl j ; ojj^-jJI 

oiLj* v>^-"' ylh"' ' ^ J^i ■ «. :.rtVll IJl» ji'^ ^j>J J[) 

^jjj.jJI ^JUmJi w j j^j ^J } SL^, «Lbi ^U- j4».lj j^j iUU« . J^ISUU Ijawi^J 

j ^Vy 1 v^ 1 M'^-' Jji -'^J 1 j^^^ J ■ v^ 1 

jl _y Jjl ii.Uilj vj^-jJi oX_j^Jl j oiUUil olf Jj5^- . Jillj . s ^_i > Sl_. ,Ui 

. L: *£\ j jKfcJ' J' UJji' ^1 J nj"i fj-ijil il»L« JU iliJI o-J> 

,5 \ ^ 



«four vector>> « i-*l>^l oLt^iil » ^1 jUj^I ^L*l^JI ol^s^iil jLL 
iJ^li ol^jtiil Lftji^ «world vector» « iJjSCJI ol^^iil » jl 

jLij «world point» « i-J^ ikaj » L^Jlc j^LLj _ j 2 Us M l 
. «world line» « j ^ JL»- » <Jl& jLL _ f Lai j (^-4-1 



: jU ^ j SjuLdl oiydl 17-4 
Orthogonal transformations in three dimensions 

jUj^I (ii <3.Ui^l »UiJI jllJI li* jo'Ui J.-JaJ (jSCj; dlli . «^JI 

. z, y, x ^-u x 3, x 2? Xj |*. ^ . " .>m. i 

: oli JUL, . iijkiJI oLJIjb-^J Uai- 

Xi = aiixi -r a, 2 x 2 + (I13X3, 

x' 2 = a 2 \x x + a 22 x 2 + 023*3, (17-18) 
A = o 3i Xi + a 32 x 2 + a 33 x 3 

ft 

x' t = 2 oyiy (17-18a) 

. 3, 2, 1 jjiJI ^ U JaJ-t J\ <Jk i ul* <JI iiU^L . j = 3 Jl j= 1 

{a !; } O^LUil <Lcj^jv£ O^L_j»lJI 

^p-T ( _yjt£ jl ) i^-lji^'l Jji» oi)l lil o^jja»JI o^->j 

i 5-ul*i* o^L^ (17-1 8a) ibLil o 1 t> >J • ji* ( Z>? oil 

S to,) 2 = 2] x * (17-19) 
■ a 

on 



(17-20) 



2 = X) EE^'W*' 

»' 3 k i 



f cyj 

(17-21) 



: J^l ji^ L.j^ (17-21) j (17-19) oU.Ul 

x>> a <H?; J : =i: (17 ~ 22) 

(Kronecker J^SjJ Lb ^Ijis^I jtfl Jji^l ibl*il 

: <j>£J < (2-9) jjJI j <_» jc (iDlj < delta) a,* 

2 °o-°<* = */*• (17-22a) 
{flij} o^^l J~j- «U>> ocrl^l 0.^1 J^' (17-22a) ibUll ulj 



li* ja* (17-15) JUjUIL Jl»dll oLSIju-'JII uIjjj ut oLiJ J+JI 
: j'W j^L (17-18) ibLil j iL^il ^ ^1 ^ 



X' = AX, 



(17-23) 



*vJ^X j (xVx' 2 , x \) oli^l |j J^l ^ x'c^ 
«matrix ii^t J.^Aj (x 3 , x 2 , Xl ) oLS^ll li ^| 
: {o<,} o^LUil li ) k^aA Jjti . A ol ii-iJ-lj . «operator 



A = 



a ll Ol2 <*13 
a 21 "22 a 23 
<*31 «32 <*33. 



(17-24) 



<»\V 



(17-23) iLLil iiUS" L^5a 4 ^pj-** oU yu ^S X jX ol$j*iil Ljw>j lilj 



-x\- 




an 


«12 


ai3" 




~X\ 


4 




«21 


a 2 2 


<»23 






X 3 




.031 


032 


033. 




. X 3. 



(17-23a) 



ii/lil yul^ill j..t,r, .J* Sji^l ibLJl «>. (17-18) o^Ly*JI J* J^j 
iljUllj (17-24) y^UI j sLLJI A iiyuail t lir..? • 

. oLilj^l ^yl ui-a^J itpvj* oXs (17-18a) 

= 2 6 j«- x <- (17-25) 
: oat 4 (17- 18a) ibLil ^ o^UI »i* ^.juj 

x i : = 2 b n a ikXk, 

k i 

23 ^'.-o.-t = (17-26) 

i 

. A cjjli* B ^53 o (]? i r o (iJJI J» _^JI J12 (17-26) ibHI 

(17-22a) Jib HI OU sjuU^ A ott lil » dUi J I iiU^L 

IjJ 4jL (17-26) iJ^Uilj (17-22a) ibLil iijUl 1 c>yj . *=<e*^ 

• «in verse transformation)) Su^LhII o^>*iJI 
£. «rows» A ^ B « > lJ11 (17-27) ibid I 

«transpose» A L»Jlc jJlLj S-u-J-I *iyuA\ ■ «columns» l^ju*I 



0\A 



oLSV ijukdl o^L^JI IfLQ* Jy* ^ y 



F' = AF. 



(17-28) 



U&fd <=^MJ! OjuJI g\i /\ **A\ J> JL. c £jl i^^UI c^UI 



y» sjjl*1I « sjoJLI <j*~J jJ^Jl jl «second-rank tensor » 



j 



soar iilUfj ( (2-9 juJI) Qjj (-J"' 11 <•> soir lib *c5 jl«JI J* 
*uJI) ooljil otLill ,L.jld e.. «dielectric tensor» J>JI 
j IJJI ^jx. y> clLilSLil j U.^ jtS"! j>-\ JlL. <i)L»j . ( 1 5—3 

. «moment of inertia tensor» 

iJ^I ^ SJuiT iTiljj clods' 0« M^" 1 ys- (fij 



(17-29) 



I = 



^11 -^12 -^13 
^21 ^22 /23 
/si -^32 ^33. 



J 1 

(17-29a) 
(17-30) 



o-CUil ii^UI iL-l_jj <Li»^ ii^Uj Otla_J ja X j F (Jjv^jtd.! 1 <_K> ^ I 

: lSH\ 



F = TX. (17-31) 

J I J_p^ F j x'jl J_^- X o.li « A sjuUiII o^L^I Lj^J ^ 
. il^U iJ^ju (17-31) ibUI ^ ^ ( JLi^ jUUj . F' 

: 

F' = T'X', (17-32) 

y k m 

= SES a, y T yt (5) tm fc (17-33) 

m I j k J 
(5)jfc m = O m f 

: ^> « yji-JUv- (17-33) j (17-32) ^LLil JjJ-j 
r ' m = 2 ]C °i}Tj k (a) km . (17-34) 

i!U- j ij^ll oy\* itaLil oi»j 

jy. Jl> (17-34) ibUI 6]i IoSCaj . 'if Ul ii > i^JJ m j i oL5" ^il 

T' = ATA = ATA" 1 . (17-34a) 



: oo^Ul* d^l^avS" j^>j^ <->^i^- 17-5 
The Lorentz transformation as an orthogonal transformation 

ol yi^j U*j ■ X 4 =jct i **jIjJI i^^il iiU>L tdUij iUjMl 

JJ^JL. ^ujjtj i jUjI ijojl oli oL*5" (_i-»jJ «Greek indices» 

Jit F; oj ' ^ • ^^Jl jUjSii oli oL«5CJJ «Latin indices» v^j^l 

. jLuI oli 

\£)z' i,^ J I 2 o>kJll Jj^J (17-3) a^j^j^I o^l^JI oj^j 

: j-^Jl ( 17-1 J5CUI j 



1 7/3 

xi + ■ x 2 + • x 3 + . Z 4 , 



Vl - /9 2 VT 
«2 = • Xi + x 2 + • x 3 + • x 4 , 
x' 3 = • x x + • x 2 + x 3 + • x 4 , 



(17-35) 



Xi + ■ x 2 + ■ x 3 -j -r== Xi, 



55 M/c o I 



1 








j- 



—3 



1 
1 
1 



Vl ~ P 2 " 







(17-36) 



oJu>\. 



o^yS ^ (17-36) ifcUl «ji oLiJ LJ^ 
. (17-22) SJaUll ^£ V^O- u> 



. 17-3 j^JI 



Shi il) iJLLl e iA J ik^ o-J (17-36) ii^Ul, ilL^il A ii^b 

^3 J-^j) oLuloj-^l jjU Oa-I JjJ, J.£ i^^J iSVp- i)U- j (VgJL. jiiuL. 
j 4 «^J>II t'j X'<jl oX* 3 *^" t j X oji i . (x j^il OjOsJI 

i~—JI iS'ji.l o^SJ^ L-J^c i i*l*JI 2JU-I j . y j z.olaLfl J$\£*i 

oULfl u'^ J*> 3 .(17-22 ibL.) sj^Uzil y^Ui 
j U—iil juij 4 (^uc Jlj_ oLLku ^ }L! UjLj^-'I ..,jSCi oLJIaj>-^l 

jojt jl t (17-36) ii-~aJL <Lt«dl jij^J o^L^ obSOl la* 

. (17-1) JS^JI j Osi^JI oLJIo^l j-^ku '«^JI 



lili . X,X 4 iSyLA\ j o LJIos- "ill oljjJi' JJaj^J o^Lyi ^SCx 

O^? oLola-s-^l oljJJ ^j'j oj-» t ojj^ull SJLil ^ a J_ft cuJli" 

: i-J^I iLt*ll ^ Li*- 1 >Ja.l 



x\ = xi cos + x 4 sin 9 



tan = j/3 = j'(m/c). 



(17-37) 



ol £^-J ol l^Xx i U»Lj . ijlj oljjoJI ijl; oji lif-j 

' g^j -^Lw *Ui j oLJIo^l o\jji j&Z Jp y^ J3 i C%yl 

■ ^j'Jh o^i oljjoJI 

: y»j < (17-36) J ii^i^il o>Lu ( 2 i._>kJ.| J I 



1 



Vl - 2 

1 
1 





-y 



VI - 0' 











Vl - 2 



1 

Vl - /S 2 



(17-38) 



a XX' 



: i*-J?LuL«j_^l o^jUJJ Sjyu-iUl ifcjwaJI 17-6 
Covariant form of the electromagnetic equations 



jpl (Jjj^L o^jU>) i^^JjLi^j^JI hjhj}} L-LSH o^jUI! oj 

j ^jjl J»-Jb Aj^lill jU-JII olj iijjtil iiyLII j B j E o'iUJJ 
t>jJ *UiJI oliZ^ ^£1, ; ^ ojUtL o^Ul 

j! ciUd^l oLi^t ) i iu*j> JSli o^jUII j 

0>ili> <it) ocLJl iJjLw LUSCj j^L. J£-Lj ^Ldl ^ ^ LuSCtj . ( j\jJ-*i\ 

■ ^ z j y j xjl 

^ j j j i olj i ( <s»iil 
Xj oj* ' 1-V.J • X 4 X 3 X 2 X 1 — o^oIj*-^ u\jj->£ Ji«j osj 0"*-^'-J 

iLjiilj . iia^Jaj Jjj-i'l. oSjIm J^-Jb ol X4 j X3 j Xj j 



divJ + ^ = 0. (17-41) 



err 



« * <• 

jLzl! iili^ Ui IjJ i iijiJ-lj . L^c-Ijj L.«„,..,k U=v-« (J5dj 

(3i> 3a, 3 3 ,<bLSV "four-vector current density" c^^' 

: Jills' Sjji^. "il icL«aj ijjI^L-^l ibL* Lbi' ^ ( jST...r-i.., $4 = ;?'cp) 

£g = 0, (17 - 42 ) 



ii^aJL; LaJollS" (jSCx i> = 4 <J I v = \ ,y JS" j-J-I <_^"j ti-^ 

: i^l 

Div (3) = 0, (i 7 -42a) 
: jd. iljUw u^i^ <>->«^«!^JI A <u*dl 0^1 

V A-^^ = -MoJ, 

(17-43) 

2 1 1 

u\ ^ (17-43) JUjUI 6li < ^J>\ o5^i P j J uU 

JJwJ v j A SIX i/^is ^j^ 1 oL5"jii JJLi 

' j^4-l j I «four-potential» g^L^I J4J-I Li^c lili . ^>J\ <syl\" 

: iJ^I i-jj^l il^Jj «world potentil» *>. 

*! = A lf * 2 = A 2 , $ 3 = A 3 , * 4 = jV/c, 
: ijTill ii~JL (17-43) cjuJjUI iUT o^ 1 cr*» 
■^r = —mo3x. (17-44) 

□* = -MoS, (17-44a) 
□ = v 2 - (l/c 2 )d 2 /dt 2 ; 



j±l (15-93) U>ULL JJUdll o\ ■ jU^I ^UJI J-U 

Jl jil ol i-l ji (j* \ LjCi £jJ>jil i La- j- j (j^- 

: infill" jLu^I 



B = curl A, (15-87) 
E = -grad <p - — ■ (15-90) 

J-^? 1 -?*, (17-46) 

JUI 3-ljt <J . y«IJaj v>=r>J 1^^1*5 (17-46) itaUil 

: i-J^I 4j...^3lL F ^ ,>.,j7 Luc* j I 



J>^J • T 3P T 23' T 12 
ajC^S oJJ jUJI U-lu Jj 



M> ■•• T„ = O.T 2I = - T, 2 



F = — ^ 
*" dXp dx r 



(17-47) 



F n = F 2 2 - 


= ^33 


— F 44 = 


F lt = - 


F 41 = 


-jEi/c, 


F 2 < = - 


^42 = 


~jE 2 /c, 


F 34 = — 


^43 = 


-jE 3 /c, 


^12 = 


-F 2 l 


= B 8 , 


^23 = 


— F 32 


= B„ 


F 31 = 


—F 13 


= B 2 . 



: 






B 3 


-B 2 


c 


-B 3 





B, 


C 


B 2 
c 


~B: 
c 




C 


C 





(17-48) 



(17-47) ibUL . JUI ixj: j^LJ o'^l J^-tj 



~dx7 ~ ~dx.. dr.. 



(17-49) 



: ^ t (17-45) } (17-44) o^Lil 

(17-50) 



DivF = Mo 3. 
o^L.. ^ s^^UI itUJI Jli 

divE = p/« j curlB = Mn J'0- (l/c*)dE/dt 



J 1 

(17-50a) 



5f\ 



^ + ir* + ^ = °- ( 17 ~ 51 ) 

dx\ dx,, ax, 

i-bUil) *V ^ Sj^L-gJLS (17-51) i_bUil ylj . 4,3,2,1 

J^L ^jU. 'jjii (17-51) ibLil yl oUI iJj4-u L-S^j .(17-47 



^Uall 17-7 

Summary of the covariant formulation 

x = (x, y, z, jd), ~ 
* = {A x , A v , A z ,j<f/c). o*J-l 



6j u 3x, 



: JUl Sjo: 



-»*^iJ Aj-^il iLL* 



= 



4— «-J»L*>j A-i A, i. i ^j*<9^« <j <L»J*jL".ll i_j53'l <ujlt jj^Zj 

t j*4-l ^Lkvic LJjjuVt l^lo^.^ tfJJjj i i_ii5C j>«^l ^* L*JI_j^-L 

£•4-1 if^j ' £-4-1 til J I <-»j^ i-^LjJI <cLmoII Ja. .'II IJa yii 

da;, 

: £u*o!> -vvJ ^rj^' ital** ijlj 



dxjdx, 



j-yJI j 5Ji*Li ^L-ail II* J I La Uj^il j£i d)i £»j t £>4-l 



^Li.j^£)! Jlil o%yt- 17-8 
Tronsformation law for the electromagnetic field 

A^c-Lj I f . I . , ■< 1 1 eJujf i^-t£ f£~*Ja Ljwj^SUI Jllil (j! U 

iiJiJ-l J^J Wilis' oju*I j»j « (17-34) ibLll l^-ii ^ ibUl .a* 

(a),, = aw,. ii^U! j SLUdl 



: li^j , (17-36) itaLlL ; j£ o^j^ ^LJ . s i.yiLJU J 



#z — f 23 ~ X) Ui^'SpFaS 
a a 

= ^33 = -Si, 

1 



-"31 t-J- 



V'l - 2 ' Vi - 

[By -r (0/c)£ t 



(17-53) 



(17-54) 



Vl - &' 1 



— [B, - (&/c)EJ. 



; o'j J ij^ii J'j»U ju-j »j> 



A'i — jcFU = i c X) S a i« a *n F rf 



■ r ft*. 1 P i 2 «• 



jc I . E x 2 . K r 



= E,. 



J3 „ 
41 T~0"2 



(17-56) 



v'l • J* 



[/iy - cBB,}, 



1 

(17-57) 



E' z = -~^v- [A', - c3B v 
v'l - /3-' 



(17-58) 



iU'il JL}!*JJI ^jUI* o^Ul j iWiUl £UI u*J _ 



E'ii = En, E'j. = 
B'ii = Bn, B' ± = 



1 



1 



[Ei + uxB]; 
B i UxE 



(17-59) 



AjJ_j*«JI oLi^l t^jj ± (jf j U \c j. JlJ i>jl>ll oli^l || yj£ 



Eii = E'n, Ej. = 
Bii = B'ii, B ± = 



i-j^l £j*<aJlj ^ytey Cj^j^s^]\ <_j_jljL» (J-H-J 

1 = [E'x - u X B'] ; 

(17-60) 



1 



vr 1 /3 2 



Bi + ^ u x E ' 



: ^Lkub S^^pw iJii; ^ ^Ul JUI 17-9 
The field of a uniformly moving point charge. 

ij-J.Lillj O "51 Lai I J- £>%y£- 

q a, La, ; I I jo jaJ . 4 n kr;« i5" y iJU- J i. k;;; iL9«i ^ iliUI 

. (17-3) JdJI j >* 1/ t x ^Ij^I u 

i i^DI iai jj i£ y ilU j (2') iJtt oLil.^1 ^u^Ll* ,jl ^lJ 

: j^lf P JUAI 

B' = 0, 

E , _ gr' (17-61) 
4x« (r-') 3 

i ID . (17-60) fljii^.1 juJ.\ i. > kL* j o'iLAl jL?tl 



»P( Field point) 



9, 



i^i jc UiUI Z-Jsti±\) iJLj^SUl oHI^I j>Ut"5! iu.ur ,U oLJIo?-'5ll . (17-3) JSji 



: ^ (17-3) ibUI ^ oSl . t = 1/vT=1P. ^ 
x' = 7(x — ut), y' = y, z' = z, 

<kjJJ! (jyjll ^^Ll. J ) «time elapsed » (S ^1 1 <>._)JI t J^£ c~j>~ 
5J*i! jo Jl* r' 4^>tiil (jj* l-V.j • g^jJj.'tU J^o^l (j}-^ J . k : " (jJI 

: jVlT C\Jja 

r' = {T(x - ut), y, z}. (17-63) 

4 4.i»... < a,IL R * jju l-^-LlLI 

7R* = {y(x - ut),y,z}. (17-64) 

c ^ (17-62) ibUI oji 

_ g T(x — up 
hx 4irt 7 3 (R*)3 ' 

E » = *k -^h' (17 ~ 65) 

F 9 72 

* 47re 73(ft*)3 



<5T\ 



E = ilk WT 3 (1 ~ 02) ' (17 ~ 65a) 

R = {z - ut,y,e}. (17-66) 

J^JV ^^r-J i5"jj>vL. iU»^» ^^Ul ij Lai 1 yj iuiJ-lj . (Jj^ 

B z = fi» = 0, 

Bx = >'I U X E' = tI UX E'j. (17-67) 



B ' *= -4u X E 

(17-67*, 



Cj%^ (\jj±*z*1 2' dJIos-^l i._jkL. (J! h>-yi\ iLU, dy ■ 17-1 

: Ol cuJt ; . (17-1) ibUL iJLUzil _OJl* 

? = F{i - (c - u)t} -f 6{x + (c + «)t}, 
2' oLJloa-^l i._jjjul "iljl < yCJL^ ^ ^ j^J o^l^ *\j=r\> : 17-2 
: fjwiJ ^-Ji so* li euJI c z' J I i~jJl u'ic^w 



o>_}l .B ^k: . ; 4 ^^JsL^. E .lar.;.*. (jilts' JU tiLoJ : 17-3 

i*^ j»- : ] . >5U 1)1.*. B E ^ V J~£ jJl jijj o^L^ 

jloi. o?-jlj B j E ^ JS" J* ci-^>»- £ - »Ul ' U ' s ' ^.Jauil 

. |E x B B 2 3 E 2 il^o, «/a + ^ 2 ) 
dlL o* ,^UI J 1^501 JU! Jlf (2-30) JLLil : 17-4 

dl Sj_jiioi 'J^iyS O^Lj^ JrfM . ( J^kll SOs-^J <L>£) / I* jji (J*st 

i^-iJI ojl*j sojOjLI -UjJLal j B JUI s-l . ciLLil jl^. oLstL u <cj^> 
J* . (8-35) ibUL JiUdl jL^5" jUJ J,W dlL o* '.^iUI B JUI ^ 

U_>»«-1* <iU~, J L)jaJI (3 _jA U ? 4^ j*oll A^^Jaoil j j Ijj^ JU -J^JJ 

?jl j4 50l jLdJ <>U dL,j jIoz.1 oUl 

(j-ij O-JI . j>^j_»J Cj^Ij_4^«1j E. B <Ls*^L«^l)l Oj^uaJI jyu ^O* O- Jl 17 — 5 

. E 2 - c 2 B 2 J 
tj <9*j3jL\ j»LLulj 2. iaS.'U iLsklD cti^Ujjj apcJU ojfjl : 17-6 

. t>^ iU-Jll U5CJI SjoiJI jloi. ul oJlj t (17-9) oiJI 



»rr 



ELECTROMAGNETIC PROPERTIES OF 
SUPERCONDUCTORS 



J»^ill J**s^l)l a J4J 18-1 

The history of superconductivity 

utj*]* c l (JUI Jj; 1911 f U s^. Jj^l J» >il J^yJl 

jlLc (i^jfJI <>• i^*J (j-Jji t-a.lr.<l 1 o J j H. Kammerlingh Onnes 

ij . 4.2 °K »jl ^J-l -xlc Lj^Us J-.lS3ljj stati -Cjli. pUi^-l Ujjju 

, * * * * p 

•te-j . LjLzc^I SJU-I 

Ji^l Oilj . SJjOal-l S^UaJI (_a^>_jj i-ljjj < j j«— ^ j t*-»lj JUl 

^» «intermetallic» sWil iJj*!! oLS^llj dl'LJI ^ olL.j I j^s. (22) 
transition temperature» iJUuj »jl>»- oU-jj oli_> J^yJl it 
Jl (hafnium fj -_JUl 0.37 °K Sll.) 1 °K ^ Jil ^ ^l^s 

ijl>l irjj jl) Ulii^l Sjl>l i^jjj . Nb 3 Sn <_-*>JLJ 18°KJI^ 



Jy»d ! ^ ^1 iji^J-i j j ^ 4 (critical temperature i*- >i 

iJU- J I AjiL^Vi jJU>l Jj*«^JI (J' 1 ^aij <U~»JJ 

Jiws 1 is* ij\ j±\ i*rjM c^jI! u^^l »Uj t J«ejjJI J» j 

. 0.001 °K jjU^ 4» j j- J M >u» 

JaL, y iliLZc^l <iU-L ^uOI J— #yjl J» jkJ> dii~ (jrf (jl Jj>-j ail 

v-~~* (i^ 1 J Li 1 ji-u- sjij . (iiLiJ ijj\y>» jy*t W-j >^ i^-c^LU* JL* <jLt 

Jj^isu laJij-jJl oLi' »Lfi (i'i jj*~r*^* JL* JaL. !iU ^critical fleld» 

jvLJI J»Ui ^ <JaJLi (il -LLC JL^I J-Oi UjCc Ij j*] I ilLA. ! J I 

LLI ^ryu « Sjl^l _ J'uil » j LJI j»-jJij . jTyi-l JL^I J i 

iifjj — ,1 a i, al l » jL;JI ^.jjl ill* j 1/ -Uii ^SL*^! Jj>>!l C$3*ll 

ami ^ o^r 4-e Ji jiyi gr^'j • 5jLU <J ^ 1 « s j' >i 
Uj£j jLJI y^il jXij . J-^yJI ii>i!_) i ! iL^'5ll iX^b^ijill 
: i-J^I ibUl -u*- JjLt_) «parabolic» LlilSC* LJ*i 

A) Sjl>! ^:^T^>I JLil H c o\ ^ 

JL< i»>l 5jl>l i^-jj iwJI oljj/ u^LLc H p j T c j ( 
• ( S-^J^^ ji-«J-l *j\jfr hrj* J^* jr>J-l JUlj ^A^a ojloi* 

. ^L^Luil o^Ul Lj-i r ,u :„.,•; jJI oU,..kJi j i^l 

jrb^-'jll li* oU tJULj l>^> o'\ ^^il 5-=> 111 ,>|j 

J_^l Sjl^ ^ U»_>l *»-ji(JI i^jJI til L. 

U^-^J ' ^J-ft J_^c fl _^jil ^J.L_Lill JLjil . 1 : e 



c4»w c~»- (ii» >iii-L~e*lJl tJLiui"! y.. 22 j*j csl ) 1933 fU t £*- 
. (W. Miessner) jXA»L JJ> ^* J.?^ W»>£ 

i~i> >ll liijj W:j^ ii-w^il «5bJ* c^zJI oij , (R. Ochsenfeld) 
J'viA"' ijs-jj' JU-jJ! Ds*^ IS! !<* ! u> juw t o^U-l iilS* j <u!_j t i£j»U- 

•* .. .• ^ 

flUX» b t j,^JaUiiS <yv_iJI eUai! » S yilkJ! aOA JU- ^jJJsj • I 

, U^i jtf! *a ii" t «Meissner effect* r ^i« sy>U=> _ji «exclusion 

tja... j ij *£j oljyUil sJiA O^J ' *"*♦■* oljjjt A. i ... « Jl ^J^-Lli cjl *Ja*-^L» AJ^,;.,. II 

^wJ»'ujuI JUo*x! ji _j> jjjtf Cili iL y» iil yx-j <J^~-? Jj^j Uj^c 

, J>, „,..U (j l^^SJI ^vJi (J-^o^J ■ (> !-ujuJ J . . . ,> ]•» oU*e «J"i'jj 

t ...i n . " . 1 ! /»• t!.Cjl i oji-tS' CiL»ljJ u-j y>- I -4a) t <LjJouJI jiojl (j* 

f Lc jv.^X^cJjj W.H. Keesom ^J'JJi^ JlioVIJ-t (<? $l r ^b > ._/J! 

Cj U-rfJj <Lj!lJI i-J JLiZj"^ J. i_vftlii ol-l jjJ! dUl Cm if. I J . 1924 

(C.J. Gorier) j Jj; ^ u^5a! "(>*JLi! sii" Ji j-ju-J <s 
ij^JLU! tfl'i juj o*U- ^ , 1934 j.U ji (H.B.G. Casimir) ji-^-^j 
i r X-.Ujij J L<3 , iil oU^ii "phenomenological theory" i-Jl^'ukll 
j (F. and H. London) c>-^ -Jui ^ it^^li ii» >il o^us^JJ 

oyi * 1 950 f U j "isotope effect" ^kjl ; ^li, ollzf) ^ 1935 

ytJji_j ji i_itJ^1 1950 j»U j s i.jU i^s-U . «Ui ijjJaj CiU^-l 

oljJJl £. oU 5J 301l J j Lai ^bl J I i,^ (H. Frohlich) 

.tr- 1 j C»Li3 J^^J' j f»U=' J i> (jJ'j ' C$J>^ I t—i^l j il JbJjlil 

Jij-JU _U c-_» r i (J«Vl ^^^ili • >1UI SJif M i c-li jIjju c 

ul, ">tJI Sj^'Ji" 'i*_U jUu »j« . (C.A. Reynolds) jjJy^jj (E. Maxwell) 

i-JijSi uv5! >^ii) jf^Ull J««»*dl ol;«j«S!JI JiltiW jsJldl 61 j* JAI 



CjLij^. £*>j 1957 fl* j l^i^-j • i>>ll Jtv»yiJI ilU- cS>-^l yl^l 
(J.R. Schrieffer) y^.? (L.N. Cooper) ( (J. Bardeen) 

. i j»\> U-Ut oj'jt ^ji 1 4» ^-ii Jr^^^ — ^-iCji^w. j' 

. it jill OjLsjaU (3 jj-^l A.,.„.l>UiL.j > ^lll j ij^L^Ljl ly>J}\ ola^aJlj 
(jki\^ljLt liftj 4 J-'-J \£ (j«l*iJJ ibis jji f_£j-ojjJI (j ^jJijJ \ o^JbUi cjj 

0\ o^*ll u- (i 11 ^ ^ ^o^' '• kfc ■ £ ^L. J&L, 

( _ r i»iu (jl >f-J (j '^rl* If- J J ■ ^ _jl (jL*>jlJI iL> ji* Oj£j 

oil .^-jlS'^LS' 500 -ij-^j iJU (jjJIj ^ >»■ o^U IA 

^U:^ cSj^l 4. r '-iu dJLft u>5o o' ^*Ux!l ^ ol» t <i>>-l oL'jj oL^I 

JUAI li* yii 1 it jid\ iJlj^ejdl (—-—J (_gJl j olijjiS^J'ill qu JiLlil jyUll 

. f jiJl j I (3 ^kJI iioyJI JijL. 

I- Mko (jJI <U-jll (J I J_jJ»J Ji Jsjj.ll J**0_jlJl ^yioyt (jl ^V»l_jJI (j^ 

oU i dUi . ol» jvjij ojjjic olj^. bi^ljO 

. iL jjl. O^j^ 4,1 ..Llll Ji'llll iJS. iJjJ i**jL jt^'ill AjjJaJI 

(Jx- 4 «uSl>^olj_j-»jyi aIL-^I (j L.L.I i^ot-j J>$£ — ji^^.15" ajjJxJ 

AjjJij ol* ' i^lj i^lj <>* • Ja^» l-^» 4, ; .-»rla,.i i»*A I oli li 4 (iUi 

JTLMI L-ljJ L>JI ^^—^1 j^ij (jUaiJI lift j Jjl^-J 4 Ja^ .,,.1 



: y»>ll oiU^JJ i.bJI Jjj-JjLUmUJIj fldl ^syji J^^l 18-2 
Perfect conductivity and perfect diamagnetism of 
superconductors 

u-jj V. f u " ^U^l ojUdl 0^,3 1 (X Jlf ^ ^ LLI tilk? 



.(£~J»Uill ufiJdi J-l&l oUai^l y» (i^-^l SjL^aJlj . U iia-^JI CjjUjJIj 
jJ*-'JLL* (^-J»Uiil JU1 ol ikjjvi) .ila.:...,. r jl _ j-LJoL. hjj- \£ 
oUJI oi* (jlj • (jTjJ-l JUI i*;* jjUjj (5 1 j j^J j J. jjj.1 J*f»jil 

o^-l? cS^^I Joj^ IaIju-J oJ J*- cJ I J- 6 - S^**** ji^- 

. (^JjLJc JU j (.Ul J^jjJJ iJU-l 

<J*»ji </\>^l Jj*«>Jt LuSCi ^L** ' I* Aijjiaj ( id* j ^ y jljJL. 

j^c . aj jk***-> ^* >" 
u|i » 4^ (j* • J» J-fljil J»-l* O^C JS" j I cSjLj J Ij^OI 
-cSl) s^SCll ojji lili . ctUiS* oli^SC <JB/a< Jl>^SCll JUI <_»lidl 
< y i ck*-*^ iiliS" uji iB ^„iar JU j (^t J~><9>j eJu^*- 

I jm> iiliS" yli ( I (5jLj ^-JaLi* JU j s ^£JI eo IjJ 

jIxjJ JU j Uj^j ^ ^Jl fLJI (^^Jl J~*»>JI ^^to ^a- 

yiuJ (jl^aij L**> (^alij "i! fUl ^^Jl J~<e>dl uli (JUljJ • piaZL* C/^^^"" 

*~*>j* I cSjLj B 4>jJ>l oj* ttUi t o^^vj jl ^g-^-U 

( ^<»Z2j'i! I (5jLj B J*iljJ • H-^ulLa IjyAi LiU-iJ ij^ii 

J^. 7 ci_j»» Z m = - 1 i—i i-JL>Li oli o^LLj i |» lj (^c>i J-"^_)J 
(^cy' J-m©^ ^* i}^ai-\ iylSCj jJt^"j! bbjjJb oi»j 4 Ifb I jue ci_jLj B 

J^oyli 4,, „ >, K L*ll i_Jl^J-l j Jj"ill fliit; ^ <-»>* J-aiJI II* j 
(»♦» (i tij^l iij^l ■ Li 3-— Uil i^LjJI ^iJI 4 J»jiLI 

Jw>ill JJ ^ ojl^rj (? ai U SUli Li^-I Jli ^Jlj t ^i^ll 

i B = /io|H + M] = : : J»>il J^l J^b J I JjuJU c 

ijS"^l uli 4 tS^-l i-J J*- J»L_jl_j iis^iil O^^il iLyaliJI JjjJ-l JJ^j 

J^^U ol Of^ i-iiLdl ei* . oIj^— • B J ijij**]! JLS'^lj H J L-tJil 

Ja~._jJI 4 (j? ju li*_j X m — —1 O J4SCJ *JbL» Oli ^L-JjL^. SjLS" Jjo J» 
i» _^»il J^»_jil ^ .Ja,.'.fc«.lll oljlo Ci_^-J • <-*l> 4----J»U*<L;b <3 JJl 

v : iJ^I ii^^aJU J\i£ 4^*k» Si USCj 



Um = n X [M out - M in j 



< (I yufi (ijLu M out 6l.i«-^) <i* \*y* jrj^-l ^ n ^r*- 

Jaa-^) J M = curl M Ujju" ,_y^i-l Ja^i*dl ol jLJ c5 op- J 

. ( 10-1 juJ! juj^JIj « jviUl J^ili 

(J.^j Of-* Lr J= Jv_jil B = H = M =0 £Js JjJj oi^a^ 

o>£J ^> i H iB o'^ I^L;) j s = n x H ont jl^>- ^J,^ jlz 
Jj-b (J js-J (jJI oljLJI (j- £y <j\ dUa "il <— ^Jt IJta j . ( I 

jJaJl) c-ilu (J^Llj oL_j5o J* jA* (J^i^ (jL\*^_jJI (j!Jj» . J»ys..l! (J*<s^ii 

^iaj isJb Ojl£il_) eijjtil (_^auJI ojj • W-^j ii^LJI JjLjJI JL>- (J ! 

JI^JI IJl» JjUij -Lit (j« j->-^j tiiJ j . o^^~-* (jvi*»_>JI ol 

" ft ' ft 

oljLoj iJLJiJ-l oljLlJI ji & Lft <jL ^J}l Ji»-!)L . pU^aTi! (j^. 

ij-jj-l oljLJI o\ y> Jj^l i3_^iJI . (ip-lj^'l jLj Ua J**l OSj) Jaijuklj! 

y« ,1» >rll oljLjj kJLjJ-\ oIjLjJI J5" qo- j c H J jjUo* ^ 
j la-It Jj-<ail (j^Ukl (^JjLiil J Li I i-^S" Jii B yl Uj . B J jjLi* 

Cff li ( <J>=r "jl^P" (J-*- u^SCj : "$1* ) iiUai) Sjj^. juJ ijjLit'ill 

. (ijUJI li» (^^Lj it >il o^j^I j ^53j . dUiS" o^^' Ja..j..r.JI ol jLJ 

i. oK^J-l ^ iiiljL. L/U ( iiUi ^ *Ljj) iJj^iil oK^J-l iii.L 
lc : JjoJIj I (jajj] . o>lil5cL« 6 1 Cfl* >ill o l» ' ( i *J I o!iUU- 

JLcl_jll Ui j H j M jLo>-l Lu5^£ o^J ' Jaii iw»^JI (j* B (jl 

tu£$ !iU lii i*-J^j c t£UJJ Uij J M j J *j>^ LulCiL o^" U.U»' L-J ij-i' 

. J» ^ill J-^>^l ii U^ri cJ-*"JI j' jir*^l 

. li!iU 0^~f" jL** jii- M j H (Vi <jl» *J L« ^ianlj 

jlji LuL ojl^jrj f j* li (f-z^* *\jZa\ y o»JI li* o' cjl j>»j s-r—j 
i>j _3 jl>- ^Ji (_)jLw« (J I J icL^all ^j-JI I 6 1 ti I J >*j 

at. 



lii$L> jjcJLu* yjJj j»jUJI jllJI dUj . i>*i< o'o 



: f d! jaJi\ .»Ui.l J^i; ILL.! 18-3 
Examples involving perfect flux exclusion 

tl^L-aJI LIS" i-i^-j . J 1^ "}l <-M» '^J<j jLJ J^tfjJI 

. c^'Li-! oj* ,j ijLUt^ j ,y ^ »~ (J^-—;j ^>i>_j-iJ 18—2 jj^J\ j (jw_Jil 

^ i» jiil <J*o>il jJU; jJlj J j "ill iiL-aJI yi* . B Q k aj\jju fJiLiLt g^-jU- 

B -+ Bq* as r-* on, ; lil 



divB = 0, 
curiH = 0, 
B = moH. 



(18-1) 



B =. 0, H = -M, 

curlH = 0, (1S-2) 

div M = 0. 



B r continuous, 
H) continuous. 



: r — a U. 

(18^3) 



0<L\ 



' cr^^ itat*-* Jk^J-l ut-i* • U 2 j o _^xJI ^ 1 ^* 

: a* . jL^^I ^kj (18-1) ^ Jj^l iLUll J^tj o LSI a*, "ill 

U* = _ #P r cos 8 + £ C< r- ( ' +1) P,(cos 9). (18-4) 



£ r = B cos 8 + Mo 1)c,t-- < ' +2) P < (cos9) (i/H ( 18_5 ) 

ci = — B a s /2Mn. 

yJ» jJJI JUol |f aiij » H J iL^I iLT^U <i3_jaJ.| Ji yjl J-l ,Uiftl 
j r = a jlu io^l B IS ja ; JH\ J^-b B =0 : cfiJUl 

ySOj t r = o -llc ijk^. U j j*4-I o£-> u\ • J* 1 - 5 j •'^* ai cM-' 

oli . Jaij Pi (cos 6) 

t (jl* (J^oU-JLj . ■■■■»..' ojIj d2 ^— 

# r = — d 2 cos J H« = d 2 sin 9. 

: y» oj£j| ^jU- H, Li ol ^ 



#9 = -$(B / Mo ) sin 5, 



rf 2 = — 3B /2mo- 



jsAf = — f (B /mo) sin 9 a v 

a 3 a 3 
B = ^ H = B k — B Q ^ cos a r — JB ~j sin a«. 



Z? = 0; H = 5-°-k; M = - \^ k. (18-6) 
•s Mo * Mo 



: r = a .u_c 

J 3 fin ■ 

)sm 7}—sm 0a„. 

z Mo 

c o ^£JJ iLp-jU-l iikui) C-J^-l (jJI AxL^aJI tfJU i^Lla ijjSCj ^->^' 

^ . iJU-UI iikuJJ L-JL B = H = M = : J^L" l^JO, 

j s = n X H out = — §(B /mo) sin a v 

a 3 a 3 
B = /x H = B k — Bo -j cos 0a r — %B ^ sin 0a». 

B = H = M = 0. (18-7) 

: r = a jl^c 

js = - i 7;- sin 0a ¥ . 
^ Mo 



jL^-^' «.« > . _■■ «U_>a* j » .< t) I ^"jj • UjSj 0' gs^r-i \£ o'iJi^ 

J^-y' (j^b 8 = G> Cr^y ] iS 

C>' • ■ i" -' " *' ^ jSr* CS y'-'it «JU-S ,3 «Ji* J|Uvt (j Li_i»- SjtJ ^ 



uj» IJ^j carl B - 



curl H f curi M — J f- J M = 0. 

« *• , r ^ ..... t 

cJ-l ul j-« a* c ( Z w-»-_jJli •ijf'^l ij ) 1 

; jUj '* I OU^fj^^fl f l«i»w«U^ tf U . J l ^_-jki» U*-J.i 

B = moH = (u. J/2irmt 

J.* li\lS J^r^' *iil5o <J^»-i Jfc-jl -^ij i -Uj>Ja_Ji OijU-Ji J-t,^' J 

J - (7,/Ta 2N k 

31 1 



: (ijUi i^u^JI jLj & US' U 

= -(/ /Ta 2 )k, 
: (ijU (j?5 J a u. Ja^ii jLj iiLS" dJJUi ^kJI 

j - = +*' X fe*) = 2^ k > 

oi»-l Jj-xJI t-a^o^JI ijlj • I J^-^ J*^- <j».J 

lJLij o jjjj i Ajl^^l Ji-b B = H = M = 0, ji y» 5i>L~j 
js = (7 /27ra)k 

J^iajiJ i«Jji» f-^Jj • (18-1) Jj-J-I j (jji^ojJI (jtOA £jLl> as«J JuJ 



18-1 d 3 j*r 



Formulation 1 
(Superconductor as magnetic material 
withx m = -1) 


Formulation 2 
(Flux exclusion by real surface 
currents) 


M = -H ^ 


M = H = 


Outside: B = moH = mo ^ a * 


B = moH = ^a, 


Inside: B = 


B = 


tt 

H = W a ' 


H = 


M = ~2S a * 


M = 


J = 4 k 


J = o 




Jm = 


At r = a: }s\f = (Zo/2iro)k 


}SM = o 


is = o 


js = (/o/2xo)k 



Ota 



ii*> M = H =0 UUJJ Ji^* « JJi Jj o^-jj^ll udUl J 

* * * " 

U>>^- 4 jiTiM JjUI j i ijU i^a-b ^ . L^L-j s>*^ l**o\j 

<Jj"- j yOjjjJaJI i_*s£ y£Jj ' ilil^Ll* (j_jSCl« 

The London equations. OjJ o^jIm 18-4 

Uij E Cjz. jl^ JUt j dJ j^jj l^U (JULj . «retarding forces» 

m p v = gE, (18-8) 

J^" v cJlS" 131 ySOj <L^; Ji v j i^lll J-U. iLT m p o\ ^ 
iiUS" li < ^1 sjb-^J n dJL»j ol^UI o3LU- tf> ^^Ul Jj^ 
: (18-8) ifcUU J^juT, J = nqv ^ jLJI 

j = (»9 2 /m p )E, (18-9) 

u iy_ > »ijj aJjUII oJuL ciUd^l j&-[>j . j = d J / dt ol 

curlE = -dB/dt 

curl j = ~(nq 2 /m p )B. (18-10) 



a* J Jlj^ curlH = J 
curl curl ft = - (ng 2 /m p )B. (18-11) 

. ( divB = 

V 2 B = (n nq 2 /m p )b. (18-12) 

^ oLaJ UU (ji^il t J*ail J£oj itaUil oOA i^Jil i}ai>~% 

o\ Jo j»\ . z ^las-^i t-^-^il oU'i! j XjTj z = (iy^Jl bjbJ 
. y j\ x J* ju-J-Jl B xo ' ^kJI B x = B xo t B y = B z = 

-£r = ^**« (18-13) 



5 Z = Ae~ y t»° n '> 2 ' m r 2 + Be^"o"i 2 i'm r z . 

* <* " f 

: ^ j . B x J AjjL—« ^-^j A 0^ Z — 

B z = Bttf-lw^'™,'. (18-14) 

3 q ^-^J < *»L- Oy (m p / Mo n? 2 ) 1/2 jloi*LJ ol oLSJ LJ^ 2li^ 

cjl^ J^UI \ja o& Sji l-b-lj Jit" n jU^lj mp 

J^^Jj J±\J\ j : J* Jo; (18-12) iJ^ULI oli li^ . l(T 8 m 

ojIj^ L-J ^ i>»^U i^-JL B Si^L. ijl* 1 ^LJI 

la* ,.UII J*>>JJ J^IJI *>U j Ij^r S_^i*o 0>£ B ol* laSObj t »J»JI 
J^jLJI ^Ilul-^U l^.... ^ a*j aj^jlJI oa»j . iiJj ■■ lkA> J^li 

. r Ul J^ll J^la, 6i5C j B =0 ol 



<5tV 



(jCjJI (J^ajjJI i (j^j, JJUi J^i JO^- (3_jJ I jjJaJI 

>Lail JUol i^ji^ J~c J-U l^li t dUi . (_^a;jJI *Lail (J I J^aj'i! 

« B JLTjJL. Hoj B JLi'jL. (8-12) ibUI 

i» jiuk jLJ (J I ^5CJI jLJI 4j>£ t jS^x t I ^ til i» ^^IxJI oJa j Lui ^ 

jLJj Jjjjgg «dissipative current» e^L. jUj J s «supper current» 

: J^isp displacement current» i>- 1 jj 

J = Js + J,ii,, + J,ii,,, (1S-15) 

: Uj L. 

Jdi,* -?E J j dlBp = aD/at. 



ibUl «J! aX^I j ililr]"ojd ikLtj Ji^-fL. o^Lcj (18-15) ibLil 
.j» o-j^z-IU . [ L^U^L. ^ L J j B ^ iLUL. 14-33,(18-10) 

i^JuJI oJuL Lu« >j . lOcyle/ sec ^ Jil ob^ J s ^ i; jli. U^J 
i <> . 1 . i oLi»Ll« j (__,i>^il uj-^j *^disp ^ j diss ~ ^ ■ -^■- Ijt --!t;j 
j ^j-jjj t _^Jl5' i^jJI ojLIJI jl^JI JJLJ, aJ^-JL. Ji^l *~Jo el* 
i Ja.:j,..vJI jLjj ^ji-JiJ- ! jLJI J— I* J s (_5«-r^l j^r-" • J-*»iJI I-** 

: jJ- (18-13) Jjj-i'U iJoU-. t IJyj 

J.s = v'/mo) curl B. ( 18-16) 



* F Hid H London, I'roc. Roy. Soc. A149, 71(1935). 



at A 



Mo curl J s = -(1/X 2 )B. (18-17) 

.Bjj^SUBjJgJ* J-xU (18-10) ^ iljL.II .j* oLL* 
o^UJD (18-12) ibUU J^L, ibL. J I Uj^u L^U dllL, 
phenomenological» (jl^AUaJI j«* J^-->jf cLUiS". l^Uii-t 

J . rH i L ^1 jl^JJ ^.y Jjl ^ x «penetration depth 

(18-17) 4jj.Uil . ( J> jUu! x jUu! ^£1 ^Udl j. Mo oU-jI) 
Li* i_orj i^ly"^ ^J^y il«;n.« 1*1*4- <j£J) s^lk <J I ayu ci^- 

: (» 

Mojs = d/X 2 )E. (18-18) 

. La iLjjjil (J5LJLI j L»U>J IjjJ *i italxil up < tiUi £«j 

: J*a* (18-17) j (18-16) ydaUl j^-yj 

curl curl B = — (1/X 2 )B. (18-10) 
: aJH\ ii-uJU l^liS" y-i divB = <jl 

V 2 B = (1/X 2 )B. (18-20) 

c _jJJI i)LL (18-20) ibUI > o^ 1 cr ' (18-13) ilaULI j Lki yjL._, 

= B I0 e- wx (18-21) 

. <>IJ! J I ^1 JUI Jj±\ VIS' L-f Jib" B ^ $U» B (jl Is j*Jit o^l 
. J» B = J i^Lkil ajj^I <y> »i» 

La *SX£ jf (iJJI x d^^t t>** <_>U- iJjl* j ol^k; Sj* c-*v>j 

x cj^j u>*^** U-^Jj t j I^U» J^L^S" 



li tj\J^)i\ J**. >■! i iS M-l o*3 -lijj^l <-«^ 

O^" • i-j-^ I* J*- (J I 0>£> (_»_^ iliLdl 4jU\ 

li* Jil . ibLdl iiUl oLLi ^ J^oi^l jjSa Lslji*-^! j** 

4 4-U*D J^Ul ci I J^' 4j-l.i JuLo (iJJI (*^J-I V-j J-C- Lfe*^' 

(.js^ 03^* Cr° *l>!-i i^-i^JI iJU-l (j (jlj^^l ol -^rj -Wj 

j^jkaj ^ <_i_j^, o^LI j <U-jiiil 4j^j>tlll <^Ji (J* J»-l_jJI H jj^ 

|» I . >,^.T...i L 4j^n*aJI sift (Jx- i_i « 7,1 1 (jSCJ.1 4 dUi £• j . 4^*ftl Cili 

(Jj^l OjUjJI ujj • (J I 4-j.ta.i.H JL»-L~Jl! iJLc L—j Cili iUi 

ciJ^Cjji (J^j y< (Sjj& ^IJt»tX*"U cuj_^fl ^j-JI li* (j* **«j>-LJI 

JUI ol vjk^ 1 'j* . 1939 j (D. Schoenberg) 

(jlji^-^l j>ac olj (J--^_j-JI «jy«-^ < - J ^ (J*"I J * )u >-*j Ll«JLI 

I»_j4ill ol 2LU»^!l dl^yjji, . »jl ^J-l irj^ jui«j 

. *La*I jij ljIj^^I 

gj^ll Jo^L o^L. J* Sj^Lc (18-18) j (18-17) j (18-15) o^Uil 
oli o^Ul «i*_j . o^-J — Jj>»«S'I-« oolite i**^ cj^W ^* Ia*^" 
. iJajjL. o^Uo_j-« 4,1 «.:, *J,I i-— -J» Ljwj^^JI JjLJ.1 ti^stJ 



Ui_jc_j . (J LL« ys (jk>jJI eUaij ol *juLJI A^iUIl ^r* ^^i* 

J-Lc j 4jLjp >t , Ujj t (jl,/^ - ^! i^** f J^-l- 1 '-" 1 

J I I J 1 (J^^il (J*-Ij j£5"l (Jj^jj 1(15" L-«l (Ji-i ' J» ^*-* (J^^ J^**" 

(js <i y) isM i/>J*~M jLJI o\ \£ ■ <ij*> 

-^_jJ lijlj . Jj-ljJI ot^L L-.I (Jiuj 4^-% la,.. 

(j^Jj (3 y?Ja*«Jl 



: OjlJ o^jLu t^*^; iJLto I 18-5 
Examples involving the London equations 

dj^ll ilLil . (18-3) j^JI j i-jjjdl JJLJJ Uj >l Jjl^ o^Uil 



00* 



<Jl# j if^Jjil j (a jLi U^aj oli) J~*»jl]l it o jS3l i)L~. yft 

CSjLjj oji-Xll oliLil JlLc l^la 7 . Jju JLil IJ*j . (yrjl»- J»lLi< 

: o^UL oYsULI . B Q k 

divB = 0, curlH = 0, B = /ioH, : Sj3l ^,U- 

(18-22) 

V 2 B = (1A 2 )B, divB = : Sjfll Jri-b 

B = Bok ; r = a, 

(18-23) 

i)jlj*l-J yb l***.) Iji—ijJ i-lji i_.lla7j (3JJI JL^JI ia^^l j 

oljLrJI ol c-Lo ' J^l— Jl ijV- ti (j^l iiSLlI £• c jiij 

iJl^ ^ U>£> ul ^ ( Ja,'.».«"ll oljUj i^ljil-l oljLill Q^JxS j ) it jill 

|»1 j gjyj U^" ( ^-»t ,.i jLj iiLiSU j "}l 4jl (jl 4 llLk« eJJL* jji jl 

\$ t cjo^*^- ulijSS M j H J cfrV-lfU JLI ^ 5JU- 1 i» j . j s 

V 2 B = (l/x 2 )B 

j*-t ^ oL-^ jUtJ l^Ct i.j>C!l oLSIjb-^l L.a^l lit 

aJjULI oil JJ.I iUtl ^ iz,>JI oJy.j t ^-LSIjb-J <y <J£] oL-^ 

eililJI i_jL»»- ( i j«>-^ ' aiy^aii\ ilU-l J oift <iUi £.j . ... . 

: iL«5CllJ 6 3 r oLiJ. ul cJUi i^j . <^^JJ <JUJ^I 
V 2 B = (1/X 2 )B 



00\ 



iLli. 4ij_> ojj las;- cij^ j^Sjdl li* oj . B „ j B r ,j» JS" J* J^J 

J^JaJlj j^ia^JS (jU ioti i;i>-l> . t ijs^l jjyj* ibU* JS" Cj^ j ji 

(18-3) juJI ^ste ^J^J • v^JI la* JLL ^jU- ^» J JaJI eiA 

<>• U ijjjai.1 o^jjjjlj o^jUI oift o% < iojaJ-l J»_j^JJI_j o^LJJ 

. as>-l j 

^ c$JJI a^JI jJ-I P j(cos 0) ai-l <jl (1 8-3) JuJI j L;a»-_} aiJ 

i; jr kJ tuwi lift ij\ Jojji^> . i Aa la,;,.,!.! Ji-I j U* j 

: ulj ' Uojl (jajJ ( Jj_j~i'L« 

B(r, 0) = £ k - 6 [cos a r + J sin 9 a,] ( - 0j & \ ) (18-24) 

a^JI . (18-7) o^UI & ibUil J I V.^- °>**J 

^ j . s^5Gl jaj.ii (j* *. t _ g iLJI JLil *_>4-l c-Uj j b _j B Q <JljuJ-.l _jft 
i^U ^ . iojaJ-l 4>_jJjJI J-J^ u* b J ioaJI i^iJI £-1 ^*lJ (-^SCJLl 
iiyk> JJUJ! (18-3) jcJI U^jj t • 'JLUUI iiLJJ « <i>l 

ibLil (18-3) juJI j M 'J i» j»iJll ii^JI ^ dUi £.j . (j-aJ-l 
j-jjJ B 9 Cff j cos JiU <y O iP- ■^■'^ B r ut aat (18-24) 
: 0j& ai aJ^aaII i-^ill uj» cJiJJJj . sin 9 J^U- ^ 

#r = tt (r) cos ( 5j $Ql J».b) (18-25a) 
B 9 = »(r) sin 6 ( 5 jJvJI I j ) (18-25b) 

: ibl*il jis*jj* tiwjjt v(r) j u(r) (jcJIoJI :>UJ 

V 2 B = (1/X 2 )B 

' i)j_}jJ.I i»jjJJI oajbj . r = a aic io^ai-l J»_)jJJI dUaSj 



t Cf . Morse and Feshbach, Methods of Theoretical Physics, McGraw-Hill Book 
Company, New York, 1953, Chapter 13. 



u(a) = B — b, 
v(a) = -B — 6/2. 



(18-26a) 
(18-26b) 



o^jUII jJ- < (18-25) i*>jA\ ^ai\ (.Ijc^l-Uj curl curl B 6^Ju> J^t 

: 

the equations dv . , r 2 , 1C „_ . 

+ f + «= ~ 2x^ w (18-27a) 

and J 

2 d 2 v , n dv . du r 2 ,, 
r dF* +2r dr +r lTr=V V (18 " 2 ' b) 

: « (l8-27b) UaUl ^ l^>uj rjl i~Jl (l8-27a) ibUI J^lii 

t» = — u — Jrw'. (18-28) 

J^i/ (18-27a) il jLJLI ^ <fo/<fr j y jUai^-'i! i^^-JI oi* j>|jj^L»lj 

: u J iljUc 



^ + 4^=^- (18-29) 



. [ ^ = 1 ol (iwj*. (15-78) ital**] Sjlp-Ij IZj oli *jjjSC!I J^o JljjJ 
J* (15-2) JjjJ-I o- j i <r/ j ^ ) Ji-I r l-^Lj 

w(r) = c(X/r) 3 [sinh (r/X) - (r/X) cosh (r/X)] (18-30) 
(18-29) j (18-28) o^Lil ,>.., . iki ju* £ku, % JJ. 1 

-iG)'[( i+ £M0-(0«-(3]- < i8 - 3i » 

^ c j b £i ,Uii.L « ijLjU cs^L^^I JJ.I JX" iii\A\ oJ* 
^1 .!» . (18-31) 3 (18-30) _j (18-26) o^Ul f lj^L 1^1 >u 



c = -3B 



o sinh Q , (18-32) 



(18-33) 



U-^fj . ft J» <Sz"°y (18-3) jllJI j oos«-j jpl ciUj 

Sji^l piii ji^I_jJI ^. L-l o>si coth x <L* £Ul j>L^..,l; <£US ^ 

: IJyj . x J 

6 ^ jBo ( 1 _3^ + 3^+...), (18-34) 

. >l/a jjji^ o>^j • ^1 jrjU- JUwi! Jj^l £*j*«az}\j 

. hljj IjLJ cSJJI Ja>JJI «iO y o^jI*, JJ- jUM Jlill 

jlil jLjJI 1 _> JljvsS-'Jll j** ^ j cJUJI ^Jai <_i^ii Jit a (jl >J 
ijl \£ ■ uy\*> H Jit i tJiLJI ^j^* - J»li*JJ • ( g > iLS j >- jLj 

: IJJ » B= fi U 

Hr = Hi = Br = B z = 0; B 9 = noH, = Mo ^; ( cJlLJI ^U-) 

(18-35) 

: JLUI B t ciUJI J^-Ij j j 
V 2 B = ^B. (18-36) 

ibUil <^^J • r <i* V^J^"* B ol JjWI 

: ijfill Si^L (18-36) 

ulj jr//l Ujloi. Sjjlj (J-J-s oli J-j Jit oi*j 

B» = AJ^jr/X). (18-38) 



r=a jl^ dUI jrjU B e 3 SU\ J^b B e sljU A 



39) 



: ol I? 

JiO>A) = j/i(rA) 

oV a^jb (18-39) ibUI iltf yQ! <yi . Sj^l J-o iJb I ! 

^L- ^ iiLil £. LJ Ja*^ c j5Ul jLJI iiliSj JUI ol oW? <^!-^ 

* . »(i jUJJ JSL-S" J^lilJI ei" Jii c£Ui ^.j . dUI 

< ■■ " » *■> ■' u^Si ii»^iil o^UojJU i t ^ t J>UjL._j j ^lJI olidJ «LUl£U oi* oj 
^1 J* SJu^dl O^UI J* iJL^JI JiUl..oi**l 

JSLil oi* pLJ. iliLuj ii.lt dL* . i> >il J~*>Jd ij^l i^kJlj 
ii!5L Ll-b iJai; <_jU5CJI . *oiL oLjfc q» c^js- obS" j Si^^ 
c« lt* ol oIjUS* dJUAj . ii> ^iil iJu^^JI j ii.lt JLIjjJ 



* J. M 

t F. London 



Blatt , Theory of Superconductivity, Academic Press, New York 19fi4 

J0 "° n " e y. ^ew York 1950; Dover Publications, New York 1961 

ig JD. Schoenberg, Superconductivity, Cambridge University Press, Cambridge 



j j ^ ^ d>!» oli J~^dl ii» ^i. \> y I j i;l_jJx^l jl 18-1 

• Jr-*.*^ f cyj Xi' Vrr^ ^ ' <J^ >^ j^' J~^JI 

LuiiL— (l) ^^lU olU-l 0^1 (o) . t>ziilSlzil t^icUJI ^ uj^ 

jLjJJ J^ULIj Ijbr J^l dJUl ^ SiiUI c^UI iiiL. J^i 18-2 

(o) . il^k.'jll <>b J tr _l (1) . (1 8-39) ci I (18-35) 

. iiljJa^l ^Ja- ^ i^jill 4,a lad I j B J ^'^1 
j 0**9j a ojljJL. v Jai i_jL*»j oli J^^jlJI il» o' <>>^l 18-3 

(>a»JL»! . ojSCJI ^ Sj^Xll oliLdl jj_c. Bq sjji , la : ; « ^^^dsLi^ Jljt 
djCi-- (I) :JLU ^ y-Ltf (18-5) olJI j s^l^JI UUJI 
(v) • s^SCJt J^b o^jUII ji* B- oLS> ol ti-il j curlcurlB 
iskdll j B J d>>J>! iiiL. . (18-27) ibLLl oL5J 



ELECTRODYNAMICS 



J-ajJI j oj l^j-l ^ ^ ( 4_^DJ Ljl I jlL~j> i.^kj j^j^ ^%^~ Iaj jLj 

uli i^Jj £.j t Uajl j^jJ-I ^ s^L. ajLj- ijSUl t ^it^LJI 

i>* i>M i> • ' jL *j> (jJ 1 er^ 1 

. tdUiS" c~-J aJLJLJ-I j 1^1 *i\ I .Ls. J I ol^LU Sy.LkJI t U^-l 

— -j^r' J >*^" (j* ^ ^=«- ; - 4 A ■ k s < 4_^Lil i^jti. ^Ulj i^—U J >*^-' 

. j^i l^iLH ij^ jji . (Lienard-Wiechert) o 



The Lienard-Wiechert potentials J _ jjLJ 19-1 



jtji-l jIjjl. Jli ci^ c (_~» Ldl «retarded radius» JaS <Jl**> 

" ~ * * * 

j»Uaijlj 0>*^« (ij^ jv^s- 4 ^s- JLt*S" t Loli Lis^i <J-*£ 

. gjy liSCft (jC n^LJl JUwJJ it^L. 4jU^ 
J^i-L Jl* ( t £ iJaij .Ui 4 dJ (^J*^ £J>> (j* >(^iUJI JLil 

: * (3>«ll 



tj ' OjIj Cyj jLj^l L>-»^-£ <L)j)« ..nil sJJt (3ili^Jj . jsiL-« (J^l^jJI 

y> t! jyjl) 4__ULI jLj^-^I .r x J-ISS Jl r'jx J*juJ J UL> 

. ^,^1)1 gjyJI <J»-b j iu« ikLJ ((retarded time» (j>yd\ <yj\ 

C>\i%}\ cjl» ' t j I JlLp V(t j) it jw; d) jsH* pflj-l o\ Jo 

p(r', £') = p(r„ «,], (19-2) 
r, = r' - v(t')(f - «i) - - h? + ■■■, (19-3) 

ibl*U j t'ul ^ • itv—U ^J^l J*iUJI <J^£ V ul 

t^o ii^LJI JjJ^ ^yb a-j-jJI ilSLlil . r' J.i l+^Uj 4 oli c—J (19-3) 

Jacobian) ol^U- sjj^ J^U- c& ' dv ^ 3 dv ' 

: i~i>\jjl\ <»%J\ . (determinant 

*> = w5r*- (19 - 4) 



dx t dxi dxi 

dx' dy' dz 7 

dyi dyi dyi 

dx' dy' dz' 

dzi dzi dzi 

dx' dy' dY 



(19-5) 



and 



i»-"-<£-w-..)£ + 



-5 (19-6) 



32/' 



: o^; il»L-j «retarded position» ^^Jl t' ^»_^JI ^jjl 



dtf_ 

dx' 



c 



c 



(19-7) 

f 0*3 

(19-8) 



f oUL, S-j^j n' ul e-a- 
: jui t (19-8) j (19-6) o^UI r lj^Jj 

gfa , yi, *i) = . v^n; v' • n^-M 

y', z') - 1 + c + c + - ' " ' (19 ~ 9) 



5UI J^-I Ml (19-1) aJjUII j (19-9) ikUll f lj^l ^ 



4 4_V^J 



<L:.?il jjJbJJ i^Li* i>jjvl • A.Jaa,;.H iLafcllJ SuliJl 5JU- j o- r S'tzJL 

V>tt, == T~ — /" £^ V-T^T 5 — TT" • (19-10) 

47re J |{ — r'| 1 + v' • n'/c v ' 

iiUI ( Rh -> -UiJuJL-l ^SCf |?-r'/jlaiil ul»rf«|f-r'lol < <3>l Sy 



i 



^-r.E^-^Y (19 " 13) 



A«, t) = 



47T60 U[l + 0- n/c)]) ret 

and (19-14) 

Mo? ." 



4tt 



I + (vn/c)]J«t 



(19-11) ibUll j J^l 4-ojiJU v'-n' = v(ti)-n(ti) ul 



: SS'ji-l <U « S^fifl't «^UI Jljfl 19-2 

The field of a uniformly moving point charge 



JS^JI (19-1) JS^JI . (Mi— J«* 




«S>« iJui i^ll <j\ iJ &\ JUI yli rJ . (19-1) JSLi 



B'» = c\t - t') 2 = (x - x') 2 + b 2 



(19-15) 



<p(P, t) = 



3 1 



4x6 #'[1 + (v • n'/c)) 



(19-16) 



*'^=-R'l X -^=-^l. (19-17) 



*i_JI j (19-16) ikLil j (19-17) ibLil j^yZ .uj jJJI 



JljJj>-l j-X*-"')ll ^ (jU i iijjJiil oJjs ^LjI jj^ ^Jj . AiA ^« j Sain* CjL)L^>- 
4 Jaii P HaiJI oLJIj^I (J^o ii^vs jUIj ? j Sjjlkil jji- CjI jiilil 



c 



s (< - O 2 = " 2 (<o - <') 2 + *> 2 - (19-18) 
: J^l ^ < t'iU^ ibLil oi* J*, 



c 2 t - u 2 t ± V~w 2 c 2 (<q - <) 2 + fr 2 (c 2 - v 2 ) 

c 2 — v 2 



. t J I 4_ r _JL liyCJ, t'c>j£s ^1 aJjL«II oi* j (jaSUI i.}U ^la»«i»l ^- ■ 

: ^Lo t t=t o =0 : jy_)JI JiLc o\ (jjjjJaJI ^ t dJi oLJ^ 

Lj ^Lj "UUI ij\lH\ oli IJyj «' = ±VP(^^1^)/( C 2 - t, 2 ) 

: (j* X Q — X (jl <. t ljjj>-_jl (jl Jj>j j . Jaii 1«Ja2* 



z — x' = v(t — <') 

= , Ao(c 2 - V 2 ) ~ C 2 t + V 2 t + Vv^jtQ - <) 2 ~+ fe 2 ( C 2 - 



, , (19-20) 
P' - , ^(c 2 - " 2 ) ^ c 2 < + v 2 t + V^Qo - Q 2 + b^(c^~^) \ 

V c 2 - y 2 y ' 

(19-21) 

j ^ ci-ill r 1 ^ 1 (19-21) j (19-20) o"^Lil f -^o J\ cs 

: ^ r liil . (19-16) il^Uil 

D* n/ l '0 r O — X 1 ) 

R = R — — u — (19-22) 

: j;-*, f t (19-17) ikUl f |j^| J^U 



R* = (c 2 — v 2 )- 1 \v 2 c(t — t) + cy/vW(t ~ t) 2 + & 2 (c 2 — f 2 ) 



„2 



w 2 c(<o - - ^- V« 2 c 2 (< - ty + b 2 (c 2 - V 2 )} 



= vV(<o - <) 2 + & 2 (1 - f 2 /c 2 ) (19-23) 

^DUI j^l dlJbj . (19-21) j (19-20) o^aULI J^U 

*>(P, i) = 1 , (19-24) 

•' **^ll u_jSLj (j 

A(P, = ^ - — V - • (19-25) 

jjV' i> ^ (19-25) j (19-24) o^Lil yt L ^ ^ J ^ 

i.,}, jtfl ^> j j*4-I £^.5 Ijjj^ jt ISC- u p\ o-xJi ij* J*4- 
^ uli < SJt-JJ >UI jyt Jlr x 6 IS" U, t x J3 £.\ J* iS>^. 

i±y±L}\ £iy Jl*J X = J^L I J* >VJj ■ J-°^l 0^ (ij-Jj^ 

. x =vt l^^JIj X=Vt li^j . t = 
: oji «c , >/ , C iejl&JI oLilj^l iflju P iLiJt c-L* lili 

{ = x = »< and 1, 2 + f 2 = b 2 . (19-26) 

. ^ { { = (c ; 4 , C) J^j t (19-25) il^ULI j ^JUI »i* f 

ft <) = 1 - 

nt ' 4t« v/(f - vty + + f 2 )(l - f 2 A 2 ) 3 

(19-27) 



A(fc = m 



4TT _ r0 2 + (,2 + r 2 )(1 _ V 2/ C 2) 

. o^jUJJ oljiyt Jus- ^ILj dJi uli iS>Sll oUl/>J L—JLj t x 



ii% IJiL. l^o j c^>j 1^1 y> '(19-27) j ^1 

: ol oat' liSCftj . o^UI oU. 



E(t, <) = - ^ ~ f 

= _ Mog v "(t ~ "0 

+ 4^- ^3 [« - vt)i + ,(1 - v 2 /c 2 )j + r (1 - t-Vc 2 )k]. 

(19-28) 

SjUI t j£*il J** 4 { - t/« = x - x 3 e <"*o = 1/c 2 j v = w 6l J**^ 

: i^H\ Ai~*i\ j (19-28) ibLil 

E(f ' = ife^ (1 - y2/c2) ' (19 ~ 29) 

^.j iB = curl A i^j ^\ ^LLill cJ~\ jUJ ^ 

: ^^LJ c Sii 

A = Mo«oVv (19-30) 

B = /i e curl (v^j) = — tt e v X grad <p. (19-31) 

oli ojSi Ju* grad f Jzjy ^M"^* ol» ' x j^sU J^i. J* v y! If 
t E J iiLJI z j y oLS" ^« ^» oLi" ^11 ei» ylj . o ^* 

: jJ- '>V.J 

B = Mo e v X E, (19-32) 
ol^l j <iy"I y^C» <j^Jj ' o jZlA\ iIU-1 J y» ^ LjjS' SlJt. y>SC^ 



. JJLII 



: aJiL ibci ^ ^Ua'Sl 19-3 

Radiation from an accelerated point charge 



j Cjjik ol la ..,,.,- " (jli ibuc Jjaii Slat!. lojIL li! 

cr^'j c»>ll o* kj** ■ i^JJ (jU-l ^V 1 ^ 

: iJ^I ji-*aJL) SJuUiLl ^^4-1 ul ' ^slj 

•* = 4^ [fl(l + v • n/c)] ret 

(19-33) 

A- « r ^ 1 

47r€oL«(l + v-n/c)J ret J 

^ Ui*4 JU| jjjj jijlfjl wJL oliiill iii^ 

If, . J&li JU J.lsi Ui^I ^ (]? ^J| Jl oU!_, « c^U 

<>0j 5 JUI Jlja ol Ji-*; . J^UJI c Uy^! 

J.^ oU « dJi 5j^U .r'j* j>U \j rJ t t'j iJloS- r' 

«retardation condition)) 

(? - z') 2 + (, - y') 2 + ( t - *') 2 = c 2 (< - 2 (19-34) 



„ t£°, r example: Panofsky and Phillips, Classical Electricity and Magnetism, 
2nd Ed., Addison-Wesley, 1962. 



[ — I 



{dt) + {at)(dt)i 



*l ^^-1 (3j_j^iiJI (j^ B j E O^LAI uL» (j . 4 l,a.'...„> 4jL_iiJ-L oljyiZll 
^^--1) t iilliU o^UoLizJI J^U- <Z>\j CjJs. CjI jyilil injLdk 

(j iijli jjJIj 4 4.1,a.7-.,i t l j o,i,..:u. U c oljjiill iili" (>jJ <_i_^ 

0>5i J 1^1 ^ j t (dA/dt) t . <y> E uL> j A J jfJI 
JL-Jl iii^. <J| (SA/dt) ( d>y*^ • I >r ,Jbbj ^/ai),, f ,<, 

(19-35) 

(»).-(») + (")(?).• 

jUI yuJ (jJI ibUl Jl iiUj « (19-34) ibUl jLall j^I ± 

: V^l i^JI oli ibUI ^JtsC « x' = x'(t) ^Jll 

/(«, 1 = o. 

JlU. Jplj . \dt/dt')i= l/(dt'/dt) ( , J\ [u^> Jjb ibUl oi»_j 

: yLu" « (19-36) > (19-35) o^Uil ^ Uju*.^ 
/*a\ /<ja\ /aA 

UrwA*), 1 < 19 - 37 > 



(19-38) 



. ^LiJ^j iJt^i (ii jjUd ujji jy.jii air oJuiti ^ij 

E JUL UUH'oUU-l 6l (19-38) j (19-37) o^jUil ^ ^ 

: (19-34) ibLJJ J^Lii, 

[(t - x') 2 + (i - ?/') 2 + (f - z') 2 ] 1 ' 2 = c(t - *'), (19-39) 



■ - IX 



(19-40) 



t' c> i>* J^y r' ol I? . R' = £ -r' j r' = ix + j y' + kz': <jl ^ 



± Rl .y>(K\ =C 



(19-41) 



_ = R_ 

dtji~ R' - R' ■ v'/c fi* 



(19-42) 



in, C, o^* ju* £ <JI i^JL (19-39) ibLdl J^Ui^ ill If oLL* 



f— 1 



(19-43) 



(72' - R' • v'/c)c 

(19-44) 



(grad £ <0« = ~ _ R R' C .v7^ 



.51 



i 4ajL>JI O liLT. ml I j» I JtsiI_L_j O jSyjJ JjLlJ 



/dA\ 



o^j 9 ^Lc! j ibuii j 3*4.1 oiii^ iUe-j u^*li u-> 

(19-46) 

iy t< ~ I^olW c + c \r* 2 ' U9 4?) 



(grad! v ) tt . = - 4^- o _ r' . v7c) 2- ' 



_ g T v , v' 1 / R'-v' »' 2 R'-v'Y I 1 
~ 4ire L R*c 2 + c* R* 2 \ c c )\ R* 



R* 2 

(19-48) 



_ 3 



47re 



: jJ- (19-45) ihUI J ^SWl »i* flJ^^U 
•"V* ~ e A c 2 / V c J R*W R* 2 c2j 



(19-49) 



4ir€ c : 



(^(-S) + ^fx[ R .x([ E .-^jx,)] 



(19-50) 



ob^Ul IJU j olLJ-l ooa <J^~» LjU oa-lj JH. f t:tr.., l ;j tiL^Ljij^^sCl! 



: it.kJI IjJJ aH^- 19-4 
Radiation fields for small velocities 

o-il£ li] c$l ' fj^JI itjwJ 4,.,.,jJL iLii i^LlI <c jv- I; j^-rfu ^1 

: L^l oU>dl *l>rj olSC^L. t v'/ c « 1 

R'v' 

R' - ^ « R' (19-51) 
R* — R' — « fl' (19-52) 

jik, L L-p lij « dUi J I iiU% . (1 9-50) j (1 9-49) j 
t^JaLil ul* c 1/R' c-^Lij (iJJI JU\ ^ #>LI (it < ^Ui^ll JU 

« ol~~~" (19-50) j (19-49) 

Eft «) = _£_ R^-RQ ~ *'R' 2 _ _e_ *' x (R' x »') 



TUt f\ - g R' X [R' X (R' X V)] g v'XR' 

. cjl.' ,«,"..'-i^j A J ^ I O l$;>c.T-» _j 

S = E X H = ^ [R' x (R' X v')] X [v' X R'], (19-55) 

S = g 2 R'(R' x*') 2 



16tt 2 € c 3 



(19-56) 



jL^. ^L. <^-^x M J-l&L. U50I Sjoill j:>J^J_5 

= 16^3 / V ■ | sin * de d *, (19-57) 



: <y>j LoJ ii/lil UjiJI j.Utj ^ 

. f U ■ i (£j ^s*Jj 4jjcjw« <LLsti/ (j^ 4j<^li! SjJiL! 



(J-^aUlJ . J ^» - (JjCIj i-Jj^l olii . . l»7j| (_/ku ^jv»_j*JJ 4^.1^.^11 jljVJ^I 

: l^:.- iiiist e-iS' cJ I £yr ji\ (^-yk (S oLLJ-l 



Panofsky and Phillips, Classical Electricity and Magnetism, 2nd Ed., 
Addison-Wesley, 1962. 

Becker, Theorie der ElektrizitSt, Vol. II, Teubner (Leipzig), 1933. 

Landau and Lifshitz, The Classical Theory of Fields, 2nd Ed., Addison- 
Wesley, 1962. 

Sommerfeld, Electrodynamics, Academic Press, 1952. 



<5V« 



: MKS fUiJI j^ikJll uu^juII 

LOGICAL DEFINITION OF MKS UNITS 

i^s> OjjU uy\*j {y>j£ 0f>\* <3*r" Mo J «o U^r*^-" jW* ^' 

J-c J^ad-I (J I cSJ^-— f^3^-" t -*ij**^ f>^ U>>^> j-IJo«I— I 0^9 ' (j-L^I j 
(j* * a_> I jij . e c£^* J **** • y \}£ t3 ji*-»-> ^_^J_j^JJ ^u— i 

^jJ^SCJI (_* jju <jl ' fo < — ^3^3^ U>>^ ^>luptX«»l 

• (i>i 

dJJJ is^j . <4»>JIj sUa« /i = 4t x 10 -7 weber/ amp.m JL-SCJI 

F Mo 

I = a? — ( x - 2 ) 

: (jl IJaj 1 (_jajjj«lJ Aj\ e j«JLw>1 

C^Lj^ (^L, y- JS" j ^ lil </JJI JuLiJI ojUI jUJI dJi y» j**^" 
<jt^LJI tju <IjLjl« 5_ji oLljJ t ljj>-lj I La jJ3 t^-Laij (jujl^U 

. "j-u /(jJ^jj 2 X 10 7 (5jL~J JjiaJl sOs-^J AjJJuJI !(["„.« 
y-LlJJ "}l Ujjaj tiUi JUi_j < ^>-T tS> 1 ^ljo»li*l (jSlc ^ kll , j 



I <o*m i. 1 I <j| OSJ^JU L**«^j (V""^ ^1 1 CjbjJCU^ 

•LLcj . oJ»-l_j ijjlj iSj^i LiJlL* ojji OjIj jLj Ljli^J 

oL- J* IL* a^Jj 4 (1 dyne cm 2 /esu 2 ) IjL* Ojili j 

0* Jit*^' j (jl jl eJj>-_j CAJjjij j ^^^Jau (jl L«l it 

(J y-iill Lij Jil 0>So ilCllI uU i ^jl is iLjCJI JjLT ^aSu 



<9VY 



OTHER SYSTEMS OF UNITS 

j^J-l J jii i iJ-jJI iLJljt&l ol-b-_j]l J* eS*^ W-^ L}!>? flkJI 
t$jj J-iill f LkJl jw-^lj 

(esu) ^JL-jji&l (.LkJI !<* OjiL 0- ^j^l flLJI 

u^U il^" ^ (^L-j^sCll f LkJI . (emu) ^A>\^ 3j ^\ r U*Jlj 

1 Aii. wilb fy^j^ 



__ 9ig2»"i2 /it 



' 12 



. Lb UjJ* S>L> o jjlj iULf 0* Ijs-Ij ojoi J*. J* 

iiJLU) r ^JjSCJI j>. >3y >wi iXjtl-j^l yf.jJl 0*3 

f LJiJI 1— i . (i-SLlLjL.j^l oIj^JI cs 3x 10 9 cijLu f> ]^JI ul 
: i*~*»Jl; o_jjL u>>^ lt* cS-r^*^'J-'4^' 

«g,= / 1 /, <fl ' X( g ,X, " ) (II-2) 

12 

eSlL j ^ lil (iJJt jUII cUJi ajI J* abampere j^^l «-i^uj 

J* lilL. ^>_jj UjCLc j£) LjIj Uj-ii «y C-r*^J Jj>i» 

; ol Uj . jLjJI ^ j-uJI y-ii J-t Jj^l cJUJI 0- J^lj 0*j 



lMo/47r| = 10- 7 

3 

1 newton = 10 5 dynes 

1 abamp =10 amp 
(J^lSjU |>Uaj jjjJalJ o^lcl (j (jcjap-^lil (^1 j»lo»uwl (jSCjj 

f LkJI ^Jl I 

: ol ij ' jL^JI ii^ ( _ s -^LiL.j > jSl)l_j 



les . (ii_3) 



curlE + i§=0, 

C Of 



div D = 4tp, 

(II-*) 



. „ 1 3D 4ttJ 

curl H — = ' 

c St c 

div B = 0. 

: oO"^Ul 

B = curl A and E = -grad <p — - ~ , (II-5) 

c at 

F = 9 (E + 1 x B) (II-6) 



tfVt 



D = E + 4?rP and B = H + 4irM, (II-7) 

JIf M j , ^1 Sj^_jJ (p=qi) jL^SOl J Li r > Jli P u) ij 

o^iUil tilU o\ ■ (m =IAn/c) (^-^iUiil cJ»ill jLi <■> 

<ju ii^UI Jsuu (II— 1 ) Jj-4-lj . olo^LI ^jlSCll r lLJI 

. (-iij^L; ^jlSCJI ^UaJI 



H-l JjjJ.1 



Quantity 


Gaussian units 


mks units 


Charge 


3 X 10 9 esu 




1 coul 


Current 


3 X 10 9 esu/sec = 10~ 5 abamp 




1 amp 


Electric field 


4 X 10 " 4 dyne/esu 




1 volt/m 


Potential 


1/300 erg/esu (statvolt) 




1 volt 


Magnetic induction 


10 4 gauss 




1 weber/m 2 


Magnetic intensity 


4t X 10- 3 oersted 




1 amp-turns/m 


Electric displacement 


12t X 10 5 esu 




1 coul/m 2 


Capacitance 


9 X 10 11 cm 




1 farad 


Inductance 


10 9 emu 




1 henry 


Magnetic flux 


10 8 maxwells 




1 weber 



0\0 



DIV B = ' CURL B = /i J : ul J* uU j}JI 

: ii}U! 

B^-S/ F Jfri)x (HI-1) 

divB = 0, (IH-2) 
: *bUl J I (i^ div J = ^ (III- 1 ) a^JI r la*zJ J\ <>j 

curl B = moJ- (HI-3) 

: iitkdl Jl^Lj . (III-l) ittUl j*U J^ti J ii\ ibU! J* 

div (A X B) = —A • curl B + B • curl A 

div 2 B(r 2 ) = - g f v J(rO • curl 2 ~ ^ dv,. (III-4) 
.r 2 ^UJ -l/|r a - rx| ^5G| ^ (r 2 _ ri )/|r 2 - r x | 3 ^$31 ^SG 



div 2 B(r 2 ) 




Jfri) X ir 2 - n) = i{J v (ti)(z 2 - e,) - /,(n)(ya - ?/!)] 
+ jVz(ri)(z 2 - xi) - /x(ri)(2 2 ~ 21)] 
+ klJ^Xys - yi ) - J y {i 1 )(x 2 - Xl )]. (III-5) 

: curlB i~*S0J X J.\ ul Jtf ii^UJI oi* o-j 

fr„ri T»Cr M / ( 9 f " T *( r lHy2 ~ VP - ■ / y( r l)(^2 ~ *l) I 

tcuri 2 a(T 2 )\ z - 4x j y ^ \ [(x2 _ x{)a + {yi _ yi)a + fe _ zi)a]s/2 | 

<L i ^(ri)(x 2 — xi) — J x (ti)(z 2 — zi) IN 

l[(*2 - xi) a + (2/2 - 2/i) 2 + fea ~ *i)*] 8 ' 2 // l ' 

(III-6) 



y 2 — yi 



[(*a - *i) 2 + (y 2 - yi) 2 + - *i) 2 ] 3 ' 2 

= [( * 2 - + (?/2 ~ 2/1)2 + (zz _ z i) 2 r 1/2 

= ~kl [iX2 ~ Xl)2 + (V2 ~~ 2/1)2 + (Z2 ~ 2l)2rl/2 > 



: j^l JSC^Jl (HI-6) ibLi! LUT o& <il!JU 

[curl 2 B(r 2 )L = g/ v j-/ I (r 1 )(^ + ^) , 

X [(*, - xj) 2 + (y 2 - yd 2 + (*a - zi)T m 
-(■ / " (ri) 4 + ^ (ri) &) 



x 2 — Xl I , 

K*a - *i) 2 + (y 2 - yi) 2 + (* a - " 



rv /f 



-'«('!) £5 [(*« - + (2/2 - + '<«, ~ Zl) 2 ]- llt 



_j / r ,\ J. fa — xi) 

* v "ax« [(*« - *i) 2 + (2/2 - + (*, - «!)«!»/« - 



: j^l l^LlSi o^iLil ^501 J 

[curl 2 B(r 2 )] z = 



[(x 2 - xj)* + (y 2 - j,,)a + (2 3 _ 2l )2]i/a 

X [(x, - x,) 2 + {yT- ytf + (*, - dVl - (III_7) 

jiilJJ LmJ.IL l^i'jsr AiSHjt J5" JlxJL-J ,j5o: itaUll aia j UJI -U-l j j 

A-^5lll i_w>LUj Jky (J 1 JjJj Aj_)j>«iJL (J^l^lJI Aj=_J_jj . AjJptiJI iijjJaj 

3JU- jj . (j9^k«. J-tl^j _^-l j*- J lj i oojj \ ( _^J I i divJ 

i»-jJb }LL-a UJ^J l--j*r ^la-JI jL^-J L? 1 3 SiJiiM LjLJI oLuj_jJI 

ii^uJI yLu (III-7) ^LU j/^l jJ-1 . t/ *kJI J,1£JI lil^ 
[curl 2 B(r 2 )] I = - &t J^j t(tl) 

1 



X vf 



. r 2 = 1^ LftXLi OjSC, ^Jl 4JU-I Ijl* l>o Lj^-J L^ Jaju (jL-^b^l 

L^L> l«-l>J JUL, J(r 2 ) iJUL J x (r,) iJloll Jlix~l ^ IJ^j 
L>i f |j»i.L -uL* J*JI ^ ^ ^^1 LI . J^lSCzJI 

: ucLjJI 

/" v 2 1 



<5VA 



[curl 2 B(r 2 )] x = Mo^(r 2 ) (IH-8) 
curIB = /i J, 



VECTOR DIFFERENTIAL OPERATORS 



grad <p = 
div F = 
curl F = 

grad <p 
div F 
curl F 



grad <p 
div F 
curl F 



dy dz 
dF x dF v dF z 
dx + dy dz ' 



\dy dz / 3 \dz dx J ^ \dx By J 



dr 



' r dd + K dz 



3^ 



r dr (rtT> + r dB + dz 



(I dF z dF e \ , (dFr _ dFj\ 
\r~de~-dz) + *°\dz dr) 



= a, 



1 

3r r dd 



\§-(r 2 F r ) + 
r 2 dr 



1 



' r sin d<£ ' 
d 



rslnlae (F9Sme) + F^inl^~ 



■ 1 \d ,„ . 3F„ 
= a r — • ^ 77 (.F^ sin 6) — •— 

, if 1 3F r 
^ * r [sin 34> 



dr 



v r 



d(rF e ) 



dr 



djF 
dd _ 



»i* itta, (3-1) jtUI j ^k*! jii (V 2 U) 
. (1-1) JjoJ-l j sik^ ijhUt^l oliLkdl . 



"51 i-S3 oL-^^JI L.I 



OA- 



STATIC ELECTRIFICATION ^LJI o*Sc)l 

0^ ci I C5-"t-.^-~* Ji* dty- 3 ^ 4 t r*M' -^H^!" -*-J_5-> 4j c ! f J ^J ' (_^»jU-JI 

Jju 4jL>-liL* oj^*u Jolt 1^>-^C, lu^j <U__L)I s jJtUaJI sJlA . [^L^33 ^ I 

Jlkj £J^»- 5 yU»JI "jk J^lSGl . <L?*iJI J.yiajj ij*-UL iiJUzll U1L> 

<ULli£ ^J>>1 Ooi- i L— •Mjo (J I tj<J^,LLL« jjx- tjuiU i_JU- -LLc 

(j* *j' >^"' C-jLJj C^j- i c5jl _>4-l u'Jh^I >* oLjljj 1 )!! oi* Jo-I . oUlj^^l 
. AjjUl* cfrolil ejl^j- <?rj> (J*J- <ljU J oJjUl ei\i\ (J \ i^-UI Solil 

( oUjjiSG'ill ) ijy>t*iil CjU-jLI CjLuJI (Jx- a jJa ■ .,.11 (J-C J*«J ^1^«UjJ_j>^j 

t5_jLjj ci I oli SjUlI (J I SjIjJI j JU j l..^^^^ 

dl 5 (j-WI OjJj>- -bu t ' — ujj^-I^n (j^ 

iSjyaJL o^^* Oiy- 1 *- LjLj^Ij • J*-^^ j <-*^' <ijW 

L-LLe (iyi-^l <jl (^ujli! (i-^-J (j> i-^JI i>« Ij^* < -rr- )l 



I jy LJL*^ (3y (jx; >t ^iU! O^J-I (J ^ j-uJI lift ij^-i ^ -Uj 

(oUjill ^ 10 5 (JI 10" 4 ) ejit 53l oU^JI til. J^IU « ^50, . 

J^f iJUl J^l eift jjjj i.j}Ul Ailkllj . C5 y-^l ^ uojtll ($Jb-l jLul 
. (^Jjlil Jj^AJ (_^£ J^iu JjJI 4i5"lil _)l ob^l ikJ_jj 

UVolil <Ul»£_J • iiU-Xi "(jo-_jJ" Lilt IfftJ* (jSj; ulj^lil (jljlft . 

dlj 4H..M.TI _^»-^II (ji. uo-_jl!l Ju>-I jLkjJ 4...U.T. jJ»Uj cS^^I u* l^'-^J 

<3 = C(AU), 

<->lS" i_o^jiZj_} . <L» j la ■ 1 1 4ju* CMtiai l^ jljjj AU 0^J-| (J^i (jl ^^."j ij 

ilysliJI iiLAI £• L-Xc Ajk*J\ i_^LlJ i ( (j-jLJl J^aiJI Jia-^) ilU-l oift 
U.^^ oj-U J-taM <J>^ l3 Jit^ OjjJ^*- £*>*j J* <—■>; "Jl IJuLj . (jo-_jlJI u*J 

Lftjji <Uu«U i»L~« (J I cj U j jLSlj I 

J_t Li—^ajj 4L—_jJI oJy Jj^iil j^JI <U_djAl) ioLjJI 4». all 

^Uo3 ■ *L» jla ■' «IJ ^*.Ujkl £*»^Jb J-L-x-o ^LLa J « ,, "-1 1 Ajl*- . JlJl I ^i>_jJI 
-U* yyjUl il^>UJI iJIXj^l iiLil JJl^ ^JsuJI ii^ii- ul ~>j- <^Jj 
jiS" . ^^Ja-Jl iotlll j.UaJjl (iUJ^ JJL^ IjS* ( tr A*ki\ iJU- (J'l 

a_jii (Jx Juj^j JJ a^ft-^ iJlo^,^ O "ill* jJjj ^,L,.,H *-ojil ^-J^ ^Jl ALc ilsiljl 
ojl jJL Llij Jli IJukj . uojlil i\ju\ iJut- J^jU- jl>il JjliJI jL^I 

. ij^^il ^l-jf^l 4.,'_i«.lJ Ljjjf- liy^^- 1 3jJ_j^ 



1-1. (A — B) X (C — D) = 0, 1:3 
1-3. A • B = 0, A + B = C 

1-7. The angle between R and R — A, which is 90°, may be inscribed in a 
semicircle with A as diameter. As R varies, the various semicircles describe 
the surface of a sphere. 

1- 11. divF-i#(rF r ) + i^+^ 

r dr y T) ^ r dB ^ dz 

2- 1. tan 3 9/(1 + tan 2 6) = S 2 /16V eo mg I 2 
2-3. E = 2296 volts/m (along diagonal) 
2-5. (a) E = ((r/2« )(l - z/Vz 2 + R 2 ) 

2-7. x = V2a/(V2 - 1), saddlepoint 

2- 9. V = (p/4€o)[(« + + iL) 2 + ft 2 }" 2 - 2*L 

- (* - JL){(«- iL) 2 + ft 2 } 1 ' 2 

+ ft 2 log ( *+ + V(z + ft 2 )" 

U - £L + V(z - iL) 2 + ft 2 J- 

2-11. 300,000 volts 

2-13. 1.1 X 10" 12 coulomb/m 3 , positive. 
2-15. (a) t/ = (A/*o)(fl - ir) for r < ft 

[/ = Aft 2 /2e r for r > ft 
(b) t/ = ( P0 /2i )(R 2 - £r 2 ) for r < R 

U = S 3 p /3e r for r > ft 

2- 17. Treat dipole as two equal but oppositely charged point charges sepa- 
rated by a small distance. 

2- 19. Qn = Q22 = — 2ql 2 ; Q 33 = 4ql 2 ; other components zero. 

3- 1. Between: U = VtUk ~ TaU ° + {Ua ~ y »>' r »A . 

Tb — T a ' 

ior r > r h : U = I/jTi/r 
3-7. t/ = -(1 - a 3 /r 3 )£ r cos + <?/4w 

3- 9. o- = — f .V2r 1/2 on upper surface. 

3- 1 1 . The mirror image of the charge distribution with p replaced by —p. 
3-15. M = (x /o) + V(x /a) 2 - 1, image at x (M 2 - 1)/(M 2 + 1). 
3-17. 3p 2 /32Tt d 4 , attraction. 



OAT 



4-1. p f «. -te; «J P (on ends) = A(oL 2 + 6), —bA 



p 

4-3. £, = — 

1(0 



\L~-z iL+z 



H ^^r - r outside rod. 



ViiL - zji+R 2 VdL + z) 2 4- fi 2 J 
4-5. E = (l/« )Pcos7 
_„ tanfli _ ifi 
tan 62 X2 

4- 9. g' = [( ei - e 2 )/(ei + € 2 )]g; 9" = 2« 2 «/(*i + « 2 ) 
4-11. D = XtoACZ/lKd - (X - l)t]. 

4-13. E = Q/2t(«i + e 2 )r 2 
4-15. Inside: E = — P/3« 

outside: E r = — — r- cos 6 
3e r 3 

RSp ■ n 

5- 1. a = 9.7 X 10- 41 couI-m 2 /volt; ff = 0.96 X 10- 10 m 
5-3. 2.6 X 10- 16 m 

5- 5. 2.94 X 10- 30 coul-ra 

6- 1. 18.75 cm 
6-3. 4*-ft 5 p 2 ) /15eo 
6-5. -(R/d)q 

6-7. «i€ 2 /(ei rf 2 + t 2 di) 

6- 9. 23.8 volts 

6-13. (a) Kl(AU)o/U+ (K - l)i] 

(b) (K - l)Q 2 d/2t w[l + (K - l)i] 2 
6-15. [4 mg/2rt {K - 1)] 1/2 

\jUI J, .uflll 

7- 1. (a) v = 0.739 X 10" 7 m/sec 

(b) t = 5.0 X 10~ u sec 

U\gi(d — a) + V%gia 



7-3. CAnt = 



2 a + gi(d — a) 
(git2 — g 2 <i)(I/i — U 2) 
2 a + pi (d — o) 



7-5. 20 ohms 

7-7. / = 2rgAU/ln {r^frx) 
7-11. I = irgsALV'cosh- 1 (6/2a) 

7-13. (a) / = (S 2 «! + S 1 /? 2 )/(ff 1 fl + fl 2 # -f fl,# 2 ) 

(b) R 1 R 2 /(R l + R 2 ) 
7-15. (a) 4R/5 (b) (ll/20)fl 

7-17. (a) (R 4 R- D - R 3 R e )S 1 /[D + R g (R 3 + fl 4 )(tf.; + fl 6 )], 

where £> = fl 3 #4ff. 5 + RtRsRe + # 5 fic>K.-i -f RaR 3 R 4 
7-19. One part in 4 X 10 8 



y-0 UJ! J.. ,.-2flJ t 



8-3. 

8-5. 

8-7. 
8-9. 

8-11. 

8-13. 
8-15. 
8-17. 



(a) 0.0048 cm 

(b) 1.64 X 10 - 7 sec 
B = x/^txoI/Ta 

, , dBr dB, 

(a) ^ = ~ d y 

curl curl B = no curl J 



0. 



B = n NI/2irr, b/a = 4/3 

A, = (uoI/2tt) In (r/b) between the conductors 

2 



8-19. (d) B r = (mo//2<;) 



B e = (Mo//2a) 



COS I 



3r^ 
4a 2 



(5 cos' 6 — 3 cos I 



3r_ 
4a 2 



(5 cos" 6 — 1) sin 6 + 



9-5. (a) From 6 to a 

(b) From fe to a 

(c) From o to b 
9-7. iB 2 a 2 r 2 ugt 

9-9. (moL/27t) In (ft 2 /«i) 
9-11. MOTa 2 ^ 2 /^ 3 
9-13. .1/ = (uoh/2ir) In (1 + d/r) 



10-1. Jm = curlM = 0. 

j M = M X n; j.i/ = -1/ on cylindrical surfaces, j.\r = on sides. 
10-3. (b) (4/3)7r/J 3 Mo 

10-5. a.M = M x/[x 2 + (6 4 /a 4 )(!/ 2 + z 2 )] 1/2 
p.v = 0. 

L — z , + z 



10 



(b) B 2 



■ + 



VTF^ - ~') 2 + R 2 VdL + z) 2 + R 2 _ 



10-9. (a) 0.25 w/m 2 

(b) 0.95 w/m 2 

(c) 1.52 w/m 2 
10-11. 0.002 henry 

10-13. (a) Sintered oxide 0.4 w/m 2 
35% Co steel 0.22 w/m 2 
(b) Sintered oxide 0.53 w/m 2 
35% Co steel 0.96 w/m 2 
10-15. 0.64 w/m 2 

10-17. B, = 2W M o)B /(l +m/ho) 



oho 



11-3. 3.69 X 10 ~ 4 

11- 5. 7 = 976 

12- 3. W = [L^* + 2MT 2 lTlT+Lfl^] 

12-5. J££V 
Juo(i + d) 2 

12- 7. (a) F = BoX m .4/2 MO (l + X„) 

(b) 1.76 X 10 -4 newton 

12- 11. Commercial iron: 0.018 watt/cm 3 

Tungsten steel: 0.395 watt/cm 3 

12- 13. -d(m-B) 

13- 1. (a) / = 0.605 amp, 

dl/dt = 1.59 amp/sec 

(b) / = 1.295 amp, 
dl/dt = 0.558 amp/sec 

(c) / = 1.663 amp, 

dl/dt = 0.0062 amp/sec 

13- 3. Q = CSo[l - e-" RC ] 

13- 5 Z = fia - uC'R(<»L ~ 1/mO + j[aCR* + (o>L - 

a 2 + a> 2 C" 2 ft 2 
where a = 1 + a> 2 C"L - C'/C 
13-7. (a) 3.2 X 10~ 2 deg 

(b) zero to 1.8 megacycles/sec 
13-9. (a) / = 1.78 X 10 3 cycles/sec 

(b) / = 1.78 X 10 3 cycles/sec 

(c) / = 0.796 X 10 3 cycles/sec 
13-11. (a) L/C = 2ft 2 

(b) L = y/2 R/ Ue ;C = 1/V2 Rw c 



13-13. 0.0713 — 0.0034/ milliamp 
13-15. 1/V3LC 

13-17. Vi = -100 — 700,;' volts 
V 2 = 150 — 750; volts 

14- 5. Fi = (2/5)ra 3 aB^> 

15- 1. (a) Q = C(AU)e->"' 

(b) -( ff /e)C(At7)e-»"« 

(c) Zero 



15-5. B = — iEoVvi sin 03(\/Tflz — /) -f- jEo\/Tfl cos w(\/cjLi2: — t) 



S = kJ-.E 2 , 



m; B = 
o/2irc) co 



15-7. £ = 700 v/m; B = 2.33 X 10~ 6 w/m 2 , rms. 
15-9. A = — i(\E /2wc) cos [2w(z — ct)/\] 



ir_i p 2r[l + cos (2und/c)] , 

16-1. B = — — „ , -r — jt^- > where r 

1 + r 2 + 2r cos (2umd/c) 

16-3. (1) £i.o + £2,0 = #b.o 

(2) 

16-5. (a) 



[n+ l] 



(2) Vtl/m COS 6\{E\,0 — £2,0) = V«2/M2 £3,0 cos 83 

i?2,o _ \/(n2/ni) 2 — sin 2 81 — (n 2 /m) 2 cos 81 

V(n2/ni) 2 - sin 2 67+ (n 2 /ni) 2 cos 81 ' 
£3,0 _ 2(na/m) cos 81 

•^'• \/(n 2 /m) 2 - sin2 81 + (n 2 /rai) 2 cos X 
(b) Total internal reflection 
16-7. B, = Bi cos (ay cos 8y ( " •'■> »-* t > 

= — cBi sin 8 cos («y cos 6)^"'™ 9 -"' ) 
E, = cos 8 sin (in/ cos 8)e' ( " sin 

16-9. ^< a <^ ^ 

16-11. B e = ^ — sin 8 cos u) 
4ir c J r 



0-0 

3 COS «^ ~ 



7()i4 CO^ 1 . 

Ei = — j- sin 8 cos &> I t 1 > where /l is the area of the 

4tt<o c 3 r \ . / 

circular loop. 

p = £ / a 3 " 

6ir 



u E X B 

17-3. 



1 + u 2 /c 2 (E 2 /c 2 + B 2 ) 



LLl 1 J-uaiH 

18-1. (a) B = Boi — Bo(«A) 2 (ar cos 8 -f a 8 sin 0) outside 
B = H = inside 
js = -2BoMo' sin 8 k 
(b) B = S i — fc(a/V)-'ia r cos d +- a» sin 8) outside 

B = f[a r (X/r) T i(r/X) cos 8 - a f /o(r/X) sin 8] inside, 
with I and h modified Hes-el functions of the first kind, and 
[7o(g/X) - (X/a)7i(aA)] 
~ ° / (a/X) + (X/a)/i(WX) 
c = 2So/[/o(a/X) + (X/a)/i(a/X)] 
18-3. (e) For r = a — 8 with 5 « a and X « a 
u(r) - 3S (X/a)e- s/x 
r(r) = -(3/2)5oe- s/x 

flAV 



A 



Acceleration 




Active 




Active circuit element 




Additive constant 




Adiabatic 


\ <j« 


Adiabatic process 


4 ... Ja'T iJL* 


Admittance 




Alloy 




Alpha particle 




Alternating current 




Ampere's circuital law 




Ampere's law 




Amperian current 




Anisotropic material 




Annealed iron 




Anode 




Antiferromagnet 




Antimony 




Argument (of a complex number) 




Array 




Associative law 




Associative property 




Asympototic 




Atmosphere 




Atmospheric electricity 




Atom 




Atomic current 




Atomic mass 





Atomic number cs j j 

Attraction oi> 4 ^e^W- 

Audio frequency CJ «— 

Average ,k->x* 

Average power i-L- 5 joi 

Average value iL-^L. i^J 

Azimuthal angle ^j'j 



B 

Battery j^LL 

Battery (storage) 0>- hj^> 

Bessel function j^, ili,> 

Bessel's equation J-^ ibU. 

Binomial theorem ,y.jJ~\ (ii 

Bound charge - oJ ^. 

Boundary conditions * 3 jX\ 

Boundary- value problems iojjJ-l ^1 jsL. 

Branch point 2^ 

Brewster's law J^-sy. oy^ 

Bridge 5 j^j 



Cable ^LU" t i3 J3 * dlL, 

Cable (coaxial...) J>s i| <iU_ 

Calculus J^,LlJI oL-^ 

Capacitance ^ 

Capacitive reactance ij>«-» S:>!j 

Capacitive time constant (i^^JI ^jJl e^lS 
Capacitor 

Cartesian coordinates iJ,l5Co oLSIji*-! 

Cascading process ^bd! sju* 

Cathode ,k :<r 



( of V> i-\ f\ £i yQirfi 

V^dlXlOUc laya 


; » *l<" i 1 L ; * i 

<b u j I A i a ■ 1 


V^aVliy lcaOnaLUl 


\ l * . • J? 
(j u j t*Juyf- 






cnarge carriers 




cnarge uensity 


7- Ml 7:l*<' 


Circuit 




Closed loop 


7-1 • : .1 % t - 
4jlU_» o j 1 i y\ « j jX^ 


coemcieni 




Coefficient of capacitance 


i II 1 1 


v^oemcient oi induction 


* 1 1 11 


coemcient oi potential 


.11 II 


^uerciviiy 


^ r I LI- 


V-'UnCMVC lOiLc 


,s\ l-tl - r 
oUilcJI 


(~\ 1 1 1 G 1 /"\ "{"1 W\ 

i^um&ion umc 


.1 '-11 


l^AtYiniAv nil tYi V\/^t* 

^uuipicA nuniDcr 


< SI, 


vunu ucLancc 


,- 1 -' ;|* •* 


V^UliU U wLlIlg II 1C til UIII 




v^onuucLing pain 


1 i 


V^L/IlU UCU1UI1 


1 - - 


Conduction current 


1 -Ml" 


i^onuucuvity 


1 


V^OIl t* LiL/t^J I 




f^Afl m CTQ "fa 




v-von>ci vaiion oi cnargc 


; • mi L • 7 • * ti I- 


Continuitv 




continuous 


j« « i 


i^f"\t"l fl Yl 11 mi C /~»VlClt"CT^ t\ \CTy\\\11\\ C\Y1 

V-'UIILIIIUUUS ciiaigc uisiriuuuon 


7 • Ml 1 • - 


Continuum 




Contour line 




Contour map 




Convection current 




Coulomb's law 





counter voltage 






v^ovarient iormuiation 




- - • - Mil j i 1 II 


anneal magnetic neiu 






cross proauct 




f »l Ji 1 t II—, 


crystal 




1 


i^rystai lattice 






Crystal structure 






Curie point 






Curie temperature 






Curl 




^ • i ?\ • i--n 


Current (electric) 






Current (alternating...) 




1 1 - 


current ^continuous.. .) 




1 I . t - 
t^osyj* jUj 


Current (direct..) 




* 1 1 - 


current unaucea..j 






Current (steady...) 




C : \\ i» 1 - 


v^urrcni VLiaiiMcnL.,.7 






\--uiTent aensity 




I -11 r i 1 «•<-" 


Curvilinear coordinates 






Cutoff wavelength 




1 -11 7 ti 

» r»n 1 1 u_y= 


Cyclic permutation 






Cyclindrical harmonics 




7 • 1 1 1 ,- 1 -1 1 " 
4^il^Jxu>l OLjiil^j 


Damping 


w 
U 


III- l f 1 • " 


Debye shielding distance 




it , *• 1 . Til 


Decrement 






Deformation polarizability 




a -II It-- Ml 7 1 1 - 
4^^,.:,.. II CjUalT..,, il 4jbli 


Demagnetization 




J».;.;..:JI £j\ < Ja.-.i...:.!! illjl 


Demagnetization factor 




,l.;i.rll yijl J* I* 
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